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Light nonaqueous phase liquids (LNAPLs) petroleum hydrocarbons (PHCs) subsurface 
contamination is complex and poses considerable risks to human health and the environment. The 
PHC contaminated sites are often difficult to access and remediate due to subsequent changes in 
composition and distribution of bulk LNAPL mass following the release. The cleanup process 
becomes even more challenging as the released product ages and leaves behind several weathered 
residual LNAPL blobs and ganglia that are heterogeneously distributed in the soil pores within the 
smear zone. The selection of a suitable remedial program is based on bench-scale treatability studies, 
and the duration of the program relies heavily on time-consuming, labor-intensive, and, therefore, 
expensive monitoring activities. In situ chemical oxidation (ISCO) using persulfate has been 
increasingly recognized as one of the most feasible and reliable tools for remediation of PHC 
contaminated sites. Despite this recognition, there is no modeling approach available that can capture 
a persulfate ISCO remediation system behavior, evaluate its efficiency and effectiveness, and assist 
with design optimization. Existing models that can estimate the efficiency of an ISCO remediation are 
greatly dependent on the availability of LNAPL mass, composition, architecture, and interphase mass 
transfer rate data. In reality, however, it is difficult, if not impossible, to determine many of these 
parameters at a weathered PHC contaminated site. The focus of the research was on developing a 
combined bench-scale and numerical modeling framework to assist with describing and capturing the 
persulfate ISCO system during the remediation activities of heavily weathered LNAPL PHC 
contaminated sites. 
A series of bench-scale experiments were designed and implemented to support the development of a 
numerical model. Aquifer material was collected from a heavily weathered diesel contaminated site 
(Site). Since a common feature of the gas chromatography analysis of a heavily weathered PHC is the 
presence of an unresolved complex mixture (UCM) of components, pseudocomponents F2 and F3, 
based on PHC fractions, were defined to estimate fundamental kinetic data. Aqueous phase 
treatability studies were performed using a series of well-mixed batch reactors to provide information 
on the ability of various persulfate systems (unactivated, citric acid chelated-ferrous activated, and 
alkaline activated persulfate) to degrade pseudocomponents F2 and F3 detected in the Site 
groundwater.  Two concentrations of persulfate (40 and 80 g.L-1) and two different persulfate 
activators (alkaline and citric acid chelated ferrous) at a persulfate concentration of 40 g.L-1 were 
evaluated for the weathered diesel fuel contaminated groundwater. The pH of ~12 in alkaline 
activation of persulfate resulted in the highest reduction of ~99% LNAPL mass in groundwater. 
Chemical kinetic parameters of the aqueous treatment studies were estimated using a numerical 
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approach in the modeling of soil columns. The alkaline activated and unactivated persulfate systems 
at a persulfate concentration of 40 g.L-1 were selected for remediation of the contaminated soil using 
the flow interruption column method with multiple persulfate injections. The LNAPL mass reduction 
of ~50% and 80% for unactivated and alkaline activated systems, respectively, were achieved. The 
observed data were used to develop an explanatory and practically useful model considering 
dissolution, advective–dispersive transport, and complex oxidation reactions occurring in porous 
media during ISCO remediation. The simulations showed that after two persulfate injections, the 
LNAPL mass reduction was limited by the dissolution process, and no further mass reduction 
occurred upon additional exposure to more persulfate.   
A Site-specific action plan was developed to scale up the bench-scale research to a pilot-scale for a 
demonstration study, where research data and findings in the laboratory were tested and evaluated 
under field conditions. A pilot area was selected at a historical Site with a weathered diesel fuel 
contaminated aquifer manifested as residual sources in soil and dissolved phase in groundwater. A 
comprehensive monitoring infra-structure was installed. In this unique pilot-scale experiment, the 
selected area was divided into three zones of treatment (TTZ), control (CZ), and a buffer area in 
between the TTZ and CZ. Two injection episodes were conducted at the pilot area. The unactivated 
persulfate system (or municipal water at CZ) was introduced into the subsurface of the treatment zone 
at locations/depths of PHCs impacts identified with laser-induced fluorescence (LIF) equipped with 
an ultra-violet optical screening tool (UVOST™) to maximize the opportunity of persulfate to 
degrade the dissolved F2 and F3 pseudocomponents. No injection activity was conducted at the buffer 
zone. The dissolved PHCs mass flux was monitored downstream of the pilot area across a transverse 
fence-line at 60 multilevel sampling points pre- and post-injection episodes. In general, the pilot test 
data indicate that the aqueous mass of F2 and F3 decreased following each injection episode; 
however, both the TTZ and CZ showed a similar decrease. Considering the lack of persulfate 
presence during 3-week monitoring in the post-injection samples collected from the CZ, oxidation of 
F2 and F3 in the CZ area with persulfate seems unlikely.  One potential explanation can be that the 
injection of water caused a displacement of the dissolved phase and perhaps any mobile nonaqueous 
phase liquid.  Another likely reason is that by injecting uncontaminated water into this area, oxygen 
was also supplemented to the subsurface and encouraged microbial activities. Generally, it is believed 
that oxygen is present within the smear zone, and given the age of this contaminated Site (~70 years), 
it is expected that aerobic bioremediation had long reached its operational limits. However, the latter 
explanation is in agreement with the results of groundwater treatment tests in control batch reactors in 
the absence of persulfate. The soil samples were collected and analyzed pre-injection activities, and 
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after completion of the injection, Episode 2 corresponding to nearby LIF elevated response data. 
Since the places that persulfate can reach during injection are mainly unknown, the post-injection soil 
samples were collected from ~0.5 m above to ~0.5 m below the depths that pre-injection core samples 
were collected. The values in the post-injection column are the average of concentrations F2 and F3 
in the soil samples that were collected within the intervals mentioned above. Overall, collected soil 
samples within the TTZ showed a decrease of ~50% in F2 and F3. Samples collected from CZ 
showed higher concentrations of F2 and F3 compared to pre-injection samples. This observation is 
not uncommon in the field because of the heterogeneity in contaminant distributions. However, since 
the overall 50% decrease in contaminant in soil was observed in TTZ, it can be concluded that the 
two injection episodes at the pilot-scale area were successful and generally in agreement with model 
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Petroleum hydrocarbon fuels (PHCs) have become an integral part of our daily lives. While they have 
significant contributions to our modern lifestyle over the past century, PHCs have been identified as a 
significant source of soil and groundwater contaminations. Because of fragmented information and 
ambiguous terminology of contaminations across the agencies, it is difficult to accurately obtain the 
number of PHC contaminated sites or the severity of the contamination. However, ~ 225,000 and 
~19,000 petroleum impacted lands and properties have been recorded in the United States and 
Canada, respectively  (FSCI, 2019; USEPA, 2021). It should be noted that the above records do not 
include the sites that fall under other federal, state, or provincial (Canada) agencies such as the 
Department of Defense (DoD) and Department of Energy (DoE). Given the prevalence of petroleum 
hydrocarbon-based fuel applications at these facilities, these numbers might be underestimated. More 
importantly, these numbers are expected to rise with ongoing accidental spills, inappropriate 
discharges, and the impact of climate change (e.g., hurricanes), etc. Despite industries' best efforts to 
comply with spill prevention regulations, as of September 2020, over 559,000 releases from federally 
regulated leaking underground storage tanks (LUSTs) have been reported in the United States 
(USEPA, 2020). Even with stricter environmental regulations and closer government oversight, 
Canada is not in a much better situation. For example, the Canada Energy Regulator has recorded an 
average of ~170,000 liters of oil spilled per year (between 2011 and 2014) over 73,000 kilometers of 
pipelines that it regulates (NRCAN, 2020). Even with the substantial amount of effort in recent years, 
a 2004 estimate from the USEPA (2004) projected that, by 2033, over $200 billion (USD) (not 
adjusted for inflation) would be required for cleanup of the contaminated sites. According to the 
Canadian Council of Ministers of the Environment (CCME) projections, under current policies, such 
spending can be as high as $40 billion (CAD) for Canadian sites (CCME, 2019). It should be noted 
that, in most cases, these estimates do not include the long-term operational and maintenance 
expenditure at sites that do not reach regulatory cleanup goals when remediation is no longer viable. 
The most challenging sites are those with persistent and residual contamination (i.e., weathered 
PHCs) recalcitrant to biodegradation and conventional treatment technologies. In most cases, these 
sites are the product of historical industrial operations related to storing, handling, and inappropriate 
disposal of petroleum fuels.  
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Light nonaqueous phase liquid (LNAPL) fuels, such as diesel fuel, are among the most frequent 
contaminations in the subsurface across North America (CL:AIRE, 2014). LNAPLs are a mixture of 
hundreds to thousands of organic compounds (i.e., alkanes, alkenes, and aromatics) in varying 
proportions (Potter & Simmons, 1998). The density of LNAPL is lower than water, such that upon 
reaching the water table, it spreads laterally across the water table.  Seasonal fluctuations of water-
table cause vertical distribution and, in some cases, entrapment of portion of LNAPL mass in the soil 
pores (Figure 1-1) (Reddi et al., 1998; Wiedemeier et al., 1999). Over time the entrapped (residual) 
LNAPL body undergoes weathering processes, including physical, chemical, and biodegradation 
transformations based on climate and in situ conditions. The weathering process results in significant 
compositional changes of LNAPL mass toward more recalcitrant, heavier molecular weight 
compounds. This weathered residual LNAPL can create an in situ reservoir in the form of entrapped 
blob or ganglia in pore space. This reservoir can act as a continuous and long-term source of PHC 
contaminations to groundwater through dissolution. Therefore, the environmental and human health 
risks of LNAPL may remain as long as residual LNAPL persist in the subsurface. Moreover, the 
residual LNAPL is less prone to further weathering and less likely to remediate even when using the 
most aggressive existing remedial technologies (Fingas, 2017; Johnston, 2010). 
 
Figure 1-1: Simplified Conceptual Model of Smear Zone. In unsaturated zone (a) residual LNAPL in 
an unsaturated zone, (b) free moving LNAPL, and (c) residual LNAPL in a saturated zone   
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Since the danger of PHCs to human health and the environment has been increasingly recognized, 
remediation efforts to mitigate any potential or actual risk are currently at the forefront of 
environmental issues. Regulatory bodies and agencies have established guidelines and enforceable 
standards on maximum PHC concentration measurements in soil and groundwater for the protection 
of human and ecological health. Although considerable advances in remediation technologies have 
been made, existing technologies are unable to remove/destroy the weathered residual PHC mass 
sufficiently to reduce its dissolution into groundwater and thereby meet regulatory requirements. As 
such, many of these contaminated lands/properties remain unutilized and require prolonged and 
expensive remediation and ongoing monitoring activities (NRC, 2013). Identifying responsible party 
or parties to be held liable for remediation expenses are impractical in most cases, and taxpayers are 
left to deal with the cleanup bill.  
One well-established technology for remediation of contaminated subsurface is in situ chemical 
oxidations (ISCO). ISCO requires the delivery of a chemical oxidant into the subsurface to react with 
hazardous contaminants in soil and groundwater and to alter them into less harmful chemical species. 
Persulfate has emerged as a strong and promising oxidant for ISCO applications, specifically for 
remediation of PHCs (Chen et al., 2016; Yang et al., 2019). Persulfate is capable of chemically 
oxidizing a wide range of PHCs both directly and through the generation of radical species (Liang et 
al., 2007). It can persist in the presence of aquifer material for weeks (Sra, K. S. et al., 2010). 
Considerable attention has been directed at this oxidant both in research and industry. Its use in ISCO 
has rapidly increased, as well as the crucial need for approaches and modeling tools that can provide 
insights into persulfate based ISCO (P-ISCO) system behavior, estimate performance expectations, 
and support remedial decision making (Lee et al., 2020; Siegrist et al., 2011; Yang et al., 2019). The 
literature on the oxidation of organics by persulfate is expanding; however, there are several research 
gaps to be explored with respect to its complex and real-world applications. The scope of P-ISCO 
studies with respect to the number and age of contaminants tends to be narrow and does not 
adequately cover the recalcitrant ones such as weathered residual sources. Addressing these problems 
demands improving existing and developing new remedial strategies. This highlights the need for 
further academic research in this area.   
In this research, the effectiveness of various persulfate treatment strategies and the resultant mass 
removal/destruction behaviors in both groundwater and soil from a historical site impacted by 
weathered diesel fuel were investigated. Considering that the NAPL composition is often practically 
resolved only in terms of PHC fractions F1 to F4 (CCME, 2008), a phenomenological description was 
adopted for the oxidation by persulfate of PHC fractions treated as pseudocomponents and validated 
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this approach using experimental data for persulfate treatment of impacted groundwater in stirred 
batch reactors.  Without further adjustment, the integration of persulfate oxidation kinetics within a 
one-dimensional model of dissolution, advection, and dispersion in porous media was implemented. 
The ability of this model to describe NAPL mass removal from soil columns during persulfate 
treatment – without and with activation by sodium hydroxide– was examined.  Conclusions are drawn 
about the potential of this approach to estimate the extent of NAPL depletion during P-ISCO 
remediation that can inform remedial design in a field setting. 
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1.2 Research Objectives 
The overall goals of this work are to provide a better understanding of persulfate ISCO for weathered 
LNAPL sites and improve upon remediation design and implementation. The research objectives 
mainly focus on the evaluation of the oxidation behavior of persulfate for decreasing LNAPL mass 
and mass flux from residual sources and the development of a model to guide future practice. As a 
result, the following objectives are set forth:  
1. To investigate various persulfate treatment systems on mass destruction of dissolved 
multicomponent LNAPL in groundwater obtained from a historical site (Site), and estimate 
the nonlinear kinetic parameters for the chemical reactions; 
2. To evaluate oxidation and the resultant mass removal/destruction behaviors of residual 
multicomponent LNAPL in impacted soil obtained from the Site under conditions more 
closely resembling the in situ conditions; and 
3. To develop a numerical model for simulating multicomponent residual LNAPL dissolution 
and reactive transport that include complex oxidation reactions. The numerical approach can 
estimate the extent of residual LNAPL depletion in the soil through chemical oxidation, and 
the model can serve as an assessment tool to optimize remedial design and application at the 
field scale. 
These objectives were addressed by investigating and evaluating the use of persulfate systems for the 
oxidation of weathered diesel impacted groundwater and soil through a detailed set of bench-scale 
studies that includes a series of batch and column tests to evaluate the effectiveness and efficiency of 
the persulfate systems in destroying weathered LNAPL mass. The results of these bench-scale studies 
were used to established persulfate based-ISCO end-points under ideal (i.e., laboratory) conditions. A 
numerical model was developed to simulate dissolution, advection, diffusion, and oxidation of 
residual LNAPL in soil. The results from these bench-scale experiments serve as a guide for pilot-
scale investigations.  
1.3 Thesis Outline 
This thesis is comprised of four chapters; a general thesis introduction (Chapter 1), a review of the 
literature (Chapter 2), a bench-scale research approach (Chapter 3), and a pilot-scale study 
(Chapter 4). This chapter describes the research problem and lays out the objectives and what will be 
achieved by this study. 
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Chapter 2 reviews the existing literature on weathered petroleum light nonaqueous phase liquid 
contamination in soil and groundwater and their remediation using persulfate. A brief description of 
in situ chemical oxidation technology and the associated processes governing groundwater flow, 
interphase mass transfer, and contaminant's reactive transport provide the theoretical framework that 
guides this study. 
Chapter 3 is the research-based experimental section investigating the feasibility and effectiveness of 
various persulfate-based systems for oxidation of weathered petroleum light nonaqueous phase liquid 
contamination in soil and groundwater. The experimental setup and methodology are described, and 
results are presented and discussed. This chapter also describes the development of a numerical model 
that facilitates the investigation of persulfate-based in situ chemical oxidation remediations. The 
model simultaneously solves the coupled mass-conservation governing equations of groundwater 
flow, complex chemical reactions, contaminants dissolutions, and advective-dispersive transport.  
Chapter 4 is the research-based pilot-scale section investigating the feasibility of the persulfate system 
for remediation of a highly weathered LNAPL impacted subsurface in a "real-world" situation and to 
compare post-remediation results with the experimental data and numerical simulations in Chapter 3. 
Chapter 5 is the final chapter of this thesis and summarizes the findings and contributions of the 
previous chapters. In addition, it provides recommendations for future work based on the limitations 
of the current study.  
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Chapter 2 0F1:  
Literature Review 
This chapter presents a summary of the literature of prior research pertaining to in situ chemical oxidation 
(ISCO) treatment for remediation of weathered light nonaqueous phase liquid (LNAPL) contamination in 
soil and groundwater. A strong emphasis is placed on diesel range organic compounds and the use of 
persulfate as an oxidant for ISCO (P-ISCO).  
2.1 Light Nonaqueous Phase Liquid Fuel Hydrocarbons 
Petroleum hydrocarbon fuels, such as diesel fuel, are LNAPLs that are mixtures of aliphatic (saturated) 
and/or aromatic (unsaturated) organic compounds depending on the hydrocarbon source. When released 
into the environment, LNAPLs can infiltrate through the unsaturated zone and accumulate over the water 
table. The seasonal fluctuations of the water table cause a lateral spread of the LNAPL across the zone of 
oscillation (Steffy et al., 1995) and result in the trapping of a portion of the LNAPL's mass in the soil pores 
within the vicinity of the water table. Over time, the weathering processes change entrapped LNAPL's 
compositions, leaving behind the heavier and less volatile organic compounds that have low aqueous 
solubility (Drake et al., 2013; Powers et al., 1994). This residual entrapped LNAPL mass within the 
subsurface becomes progressively less susceptible to natural attenuation and conventional remedial 
technologies and may act as a lingering source of groundwater contaminations for centuries. Most current 
LNAPL-impacted sites are the result of past practices and unregulated activities whose human health and 
environmental consequences were not identified and fully understood at the time (Story & Yalkin, 2014).  
Analysis of weathered petroleum hydrocarbon compounds (PHCs) by gas chromatography typically yields 
a substantial unresolved or unidentified portion that appears as a hump (Figure 2-1). This portion is referred 
to as an unresolved complex mixture (UCM) of hydrocarbons. The UCMs represent mixtures of hundreds 
or thousands of individual chemicals and have been adopted extensively as a quantitative descriptor of fuel 
hydrocarbons in environment studies (Thomas et al., 1995). However, since UCMs are not unique 
compounds, the mixture's physical and chemical properties such as density, viscosity, solubility, and 
LNAPL-water interfacial tension that govern their subsurface behavior remain largely unknown. There is a 
large of body P-ISCO literature describing PHCs' reactions and remediation based on quantifying 
individual compounds and/or total petroleum hydrocarbon (TPH) (Lemaire et al., 2011; Lominchar et al., 
2018; Romero et al., 2009; Shafieiyoun & Thomson, 2019; Sra, K. S., Thomson, & Barker, 2013b). 
 
1 Some content from this chapter is also within a submitted article co-authored by myself and my supervisors 
Professor Ioannidis and Professor James R. Craig. 
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Meanwhile, there is a paucity of information on weathered PHCs despite the fact that many contaminated 
sites that are posing potential risks to human health harbour them (Brassington et al., 2007). Currently, 
policymakers and industry frequently use the results of existing single-species P-ISCO studies in 
establishing target cleanup criteria and remedial design for weathered PHC impacted sites. This is a 
challenging exercise and leads to an overestimation of the P-ISCO remedial benefits. First, because 
weathered PHC contaminations are complex mixtures. There is no single "best" compound or mixture of 
compounds that can adequately describe a weathered mixture's associated environmental risks, interaction 
with persulfate, intra-NAPL diffusion, and/or complex equilibrium partitioning in the subsurface over time. 
Second, TPH concentration measurements alone are insufficient for estimating critical transport parameters 
or potential risks to human health. Identical TPH concentration values may be comprised of very different 
constituents and consequently pose very different risks to human health and the environment (Weisman, 
1998). One solution to these problems is the use of newer fraction-based analytical measures that have been 
adopted by many regulatory agencies for risk and toxicity assessment purposes. In this method, the broad 
spectrum of PHCs is fractionated into sub-fractions based on carbon chain length (CCME, 2008; Weisman, 
1998). Fraction 1 (F1) or volatile PHCs represent C6 -C10, F2 or light extractable PHCs contains C10- 
C16, F3 or heavy extractable PHCs includes C16-C34, and F4 or extremely heavy extractable PHCs 
represent C34-C50  (CCME, 2008). Most compounds in a fraction share similar toxicity characteristics, 
environmental behavior, and transport properties. Therefore, once fractions are identified, fraction-specific 
parameters of relevant physical and chemical properties such as diffusion and reaction rate coefficients can 
be estimated (Edwards et al., 1997). In this research, the CCME (2008) classification approach was 
employed, and each PHC fraction was treated as a pseudocomponent. 
 
Figure 2-1:  Example chromatogram profile of standard compounds (black) versus weathered diesel fuel (blue) from 




2.2 In Situ Chemical Oxidation 
In situ chemical oxidation is primarily considered a source zone treatment technology (Krembs et al., 2010) 
for organic contaminants. ISCO is conducted by delivery of a chemical oxidant into the contaminated 
subsurface with the goal of contaminant's mass destruction, transforming them into innocuous chemical 
species (Siegrist et al., 2011). The putative ISCO reagents include hydrogen peroxide, sodium persulfate, 
potassium permanganate, and ozone. Apart from ozone, which is in a gas form, other oxidants are 
commonly dissolved in water and made into a solution for ISCO purposes. ISCO may involve multiple 
iterations of oxidant delivery events and performance monitoring due to spatial variability in contaminant 
distribution, heterogeneity of aquifer, and limitation in mass transfer and transport mechanisms  (Huling & 
Pivetz, 2006). The oxidant can be introduced into the subsurface employing varied delivery methods at 
different concentrations and mass loading rates (Siegrist et al., 2011). A summary of commonly used 















Table 2-1: Conventional Oxidant Delivery Methods into Subsurface
Delivery Method Required Infrastructure Applicable Depth (m) Advantage Disadvantage
Direct push Temporary boreholes advanced by the direct 
push technologies
30 Flexibility both in the location and vertical 
interval; small lateral displacement of 
contaminants
Equipment limitations, advancements of new 
boreholes for subsequent injections; small ROI due 
to the low injection pressure; not applicable in 
rocks/cobbles/boulders subsurface
Horizontal wells Installation of temporary or permanent wells 30 Delivery of oxidant under infrastructure where 
vertical well installation or DPT is not feasible
Subsequent injections are restricted to the same 
location/depth
Fracturing (hydraulically or 
pneumatically)
Installation of injection wells slurry or air 
injections for hydraulic or pneumatic fracturing, 
respectively
Unlimited Enhance ROI in low permeable zones Lack of control over fracture pattern or radius
of fracturing
Infiltration Installation of trenches and galleries, dry wells, 
infiltration shaft, and pits within the vadose 
zone
Depth of vadose zone Low maintenance cost; the constant presence 
of oxidant to address subsequent dissolution 
of contaminants 
Limited zone of influence; depend upon vadose zone 
geology for vertical migration of oxidant solution
Injection wells Installation of temporary or permanent wells Unlimited Installed wells can be used for subsequent 
injections; high injection pressures are 
possible
Subsequent injections are restricted to the same 
location/depth
Mechanical mixing None 18 High contact time between oxidant and 
contaminants
Limited to the vertical operation of the mixing
equipment
Sparge technologies
(applicable only to ozone)
Installation of a network of injection sparging 
wells in the saturated zone
Unlimited Installed wells can be used for subsequent 
injections; high injection pressures are 
possible
High vulnerability to nonideal transport 
mechanisms/preferential pathways; permeability 
reduction in the aquifer due to entrapped air; 




Installation of injection wells combined with 
extraction wells 





2.2.1 Persulfate  
Over the last few decades, the performance of hydrogen peroxide and permanganate for ISCO applications 
has been extensively explored (Petri et al., 2010). Although peroxide exhibits a widespread reactivity with 
PHCs, its low stability and generation of potential fugitive gases (e.g., oxygen) make it a weak candidate 
for the treatment of PHCs  (Bogan & Trbovic, 2003; Schmidt et al., 2011; Yin & Allen, 1999). 
Permanganate is a more stable oxidant than hydrogen peroxide but is a selective one, and it produces 
manganese-oxide precipitations that might adversely affect the permeability of the subsurface (Huling & 
Pivetz, 2006). Use of persulfate (S O ) as an alternative oxidant for ISCO was promoted around 2000 
because of its more comprehensive range of reactivity towards PHCs than peroxide and permanganate. 
Persulfate is a salt of peroxodisulphuric acid with strong oxidizing properties in the aqueous phase. Sodium 
persulfate (Na2S2O8) (Figure 2-2) is commonly used for ISCO due to its low cost, high solubility, and 
stability (Petri et al., 2010).  It can persist in the subsurface for several weeks (Sra et al., 2010).  
 
Figure 2-2: Persulfate Molecular Structure 
2.2.2 Persulfate Activation Methods 
Direct (or unactivated) persulfate reactions refer to the oxidization of PHCs without the initial presence of 
the free radicals. Persulfate can be activated through different methods and form potent sulfate (SO4̶ ●) and 
hydroxyl (OH●) radicals, and potentially several other radical-based oxygen species. These radical species 
possess higher oxidation potentials compared to the persulfate anion (House, 1962; Kolthoff & Miller, 
1951) and are less selective in oxidizing a greater variety of PHCs (Block et al., 2004). Despite these 
advantages, activation of persulfate can decrease its persistency in the subsurface. Therefore, decisions on 
whether to activate persulfate or which activation method to use essentially rely on the rate and timescale at 
which the contaminant of concerns oxidize (Block et al., 2004; Crimi & Taylor, 2007). Different choices of 
activation methods for persulfate in ISCO include the use of heat, chelated iron, or alkaline activation. 
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Thermal activation of persulfate is generally achieved at ~60°C and produces sulfate radicals. This method 
of activation is less prevalent in the vicinity of flammable organic compounds such as PHCs.  
Certain transition metal ions, such as ferrous iron (Fe(II)), can promote the generation of free radicals when 
combined with persulfate (Anipsitakis & Dionysiou, 2004). Typically, a chelating reagent such as citric 
acid (CA) is added to the mix to increase the solubility of iron at neutral pH (Liang et al., 2004a; Liang et 
al., 2004b). The molar ratio of CA to Fe(II) is one of the determining factors in the activation process, and a 
CA: Fe molar ratio of 0.2 to 2 is recommended for persulfate activation (Sra et al., 2010). In most existing 
studies, the citrate chelated ferrous iron activation method is used for PHCs of gasoline in the range that 
includes F1 and F2 PHCs. Both Killian et al. (2007) and Sra  (2010) utilized this activation method for 
remediation of benzene, toluene, ethylbenzene, and xylenes (collectively called BTEX) and achieved near 
destruction of all compounds. The former authors observed that benzene and toluene, which have a lower 
molecular weight in a BTEX mixture, were oxidized to a greater extent (~99%) than the higher molecular 
weight BTEX compounds (ethylbenzene and xylenes), whose concentration were reduced by ~85%. Given 
that this method is one of the most popular persulfate activation methods  (Tsitonaki, Aikaterini et al., 
2010), additional investigations are required to evaluate the applicability and efficiency of this method for 
the treatment of weathered PHCs. 
At high alkaline conditions (pH≥10), persulfate decomposes and generates sulfate and hydroxyl radicals 
(Furman et al., 2010). Strong bases such as sodium hydroxide (NaOH) are often used for alkaline activation 
of persulfate at pH ranges of 11 and 13 (Block et al., 2004; Siegal et al., 2009). Studies conducted to date to 
establish the performance efficiency of the alkaline activation method for the degradation of PHCs have 
been narrow and contradictory. In several studies, when alkaline activation of persulfate was employed, 
complete or near-complete PHC mass reduction was reported, while in some others, under comparable 
conditions, persulfate could not effectively destroy the PHCs (Liang et al., 2008; Sra et al., 2013). In a 
study by Zhao et al.  (2013), unactivated, alkaline, and chelated iron activated persulfate were compared 
based upon mass destruction of 16 aromatic hydrocarbons that are commonly found in gasoline and diesel 
fuel. The oxidative treatment removal of these compounds was lowest in alkaline-activated persulfate 
among the systems evaluated. Meanwhile, Block et al. (2004) recommended that alkaline activation was 
best applied for mass destruction of recalcitrant contaminants, particularly in situations in which faster 
remediation is desired. Most published studies that focus on PHCs either conducted on dissolved PHCs in 
the aqueous phase (Crimi & Taylor, 2007; Sra et al., 2013a), slurry tests for contaminated solids (Chen et 
al., 2016; Lominchar et al., 2018), or use fresh PHC materials in spiked soil. Lack of information on the 
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performance of alkaline-activated persulfate for mass reduction of aged residuals presents additional 
difficulty in interpreting results for a P-ISCO field application. This ambiguity demands further research to 
evaluate alkaline-activated persulfate effectiveness for PHCs impacted subsurface at historical sites. A 





















Table 2-2 : Summary of Literature on Persulfate Chemical oxidation of LNAPL PHCs 






Test duration Major Findings
Neta et al. (1977) Aqueous Batch Spiked Benzenes 0.2 to 1.2% Ambient
as the reactors 
were completed
1) Reaction rates of SO4* with contaminates are reported
2) The primary oxidation mechanism was identified as electron transfer
Cuypers et al. (2000) Soil Batch Field Sample PAHs ~3.6 wt% 70 3 hrs
1) Less condensed natural organic matter was oxidized initially, and the sorbed PAHs were oxidized
afterward
Cuypers et al. (2002) Soil Batch Field Sample PAHs ~3.6 wt% 70 3 hrs
1) O-alkyl and carboxyl  are more susceptible to persulfate oxidation
2) Aromatic or aliphatic are less susceptible to persulfate oxidation
Block et al. (2004) Soil Batch Spiked
28 VOCs (of which 
only BTEX and 
styrene are LNAPL 
among reported 
contaminants)
0.02 to 10 wt% Ambient 8 to 21 days
1) Mild oxidation (unactivated persulfate) for destruction of BTEX
2) Strong oxidation (Fe-EDTA activated persulfate) for the destruction of chlorinated ethenes or
chloro-benzenes
3) Aggressive oxidation (alkaline-persulfate, combined peroxide and persulfate, or heated persulfate) 
for the destruction of chlorinated ethanes or methanes







0.01 to 0.05 wt% 20, 30, 40 72 hrs
1) At 20 ºC, ~34 to 66% destruction of contaminant were observed
2) At 30 ºC, ~80 to 98% destruction of contaminant were observed
3) At 40 ºC, ~94 to 100% to 66% destruction of contaminant were observed
4) It is noted that acetone had a negative degradation rate at all the temperature
Soil 20 to 25 Fe II-EDTA degraded PAHs by 75-100%
Aqueous 20, 30, 40 Results were not available to laboratory errors





~0.16 to 17 wt% 20 21 days
1) CA-Fe persulfate solution had better performance than alkaline or hydrogen systems for both 
BTEX destruction (~55 to 100%) and oxidant persistence
2) No difference in the effectiveness of oxidant solutions was observed in spike  versus field soils
systems
3) Contaminant extent and rate of degradation are contaminants- and porous media type-dependent






1) Chelated iron (95% and 85% removal efficiency of BTEX and PAHs, respectively) is a superior 
activator than sequential addition of iron (86% and 56% removal efficiency of BTEX and PAHs, 
respectively)
2) Sequential (double dose) of chelated iron activated persulfate reduced BTEX and PAHs by 99% 
and 92%. 
3) Light weight molecular weight compounds were oxidized faster than heavier ones
Aqueous 
Persulfate:BTEX 




Unactivated (0.5 to 
2.5 wt%)
20 30 daysUnactivated
1) the degradation half-lives of aqueous phase BTEX ranged from 3.0 to 23.1
days and 1.5 to 20.3 days in aqueous and soil slurry systems, respectively
2) HPCD and EDTA may be less susceptible to chelated Fe2+ while CA was found a more suitable 
chelating agent in the iron activated persulfate system
Liang et al. (2008) Batch Spiked BTEX
Fe(II) and Fe(II)-HPCD
(500-4000 mg/L as Fe
25.4 g/L HBCD or 17.5 mM)





Hydrogen Peroxide:persulfate  
(0.0035 to 10:1)
Fe (0.45 wt%) 
CA:Fe (5:1, 50:2)
Nadim et al (2005) Batch Spiked 16 PAHs
Fe(II):EDTA (3.33:1)
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Test duration Major FindingsActivator System
Do et al. (2009) Soil Batch Spiked Fresh diesel fuel
Peroxymonosulfate
PMS:M+(200:3, 2:10-
100, 200, 400, 500]
Ambient 7 hrs
1) CoCl2 and PMS solution provided the best removal efficiency 
2) A minimum of 2 mM of Co(II) was required to achieve ~30% destruction of diesel 3) Increase in
PMS: Co(II) led to higher removal of diesel
3) Single and sequential (5 to 10 times) solution injection led to 47% and 88% removal of diesel4)
Diesel degradations were 20%, 17%, and 13%, at pH values of 3, 6, and 9, respectively
Do et al. (2010) Soil Batch Spiked Fresh diesel fuel ~ 0.1 to 2 wt% 25 12 hrs
1) The effectiveness of goethite, hematite, magnetite, and manganese oxide on the ability of 
persulfate (PS) with/without Fe(II) to remediate fresh diesel-contaminated soil was evaluated. 
2) The optimum contaminant removal was observed at pH 3, and the molar ratio of PS:Fe(II) was 
100:1.
3) All methods showed some removal of the contaminant ~20% to 40%. PS activated with
manganese oxide worked best in removing the diesel in the presence of Fe(II).
4) Persulfate showed a strong dependency on concentrations of Fe(II), and higher concentrations of 
Fe(II) acted as a scavenger for persulfate.
Liang & Guo (2010) Aqueous Batch Spiked Naphthalene 1 wt% Ambient 120 min
1) Concentration gradient between the solid and aqueous phases of naphthalene particles caused 
naphthalene particles to dissolve and oxidize by SO-•4
Spiked
Fresh diesel and fuel 
oil
10 and 20 wt% 150 days
Field sample Weathered diesel 20 wt% 60 days
Kambhu et al. (2012) Aqueous Batch Spiked BTEX Various Ambient 2 days
1) Oxidant candles were a mixture of Na2S2O8:paraffin (2.25:1) in a circular shape candles of 2.38 cm 
long (diameters of 0.71 or 1.27 cm)
2) FeSO4 or ZVI activator candles were used for activation purposes
3) Rapid transformation of BTEX was observed within 12 hrs
Usman et al. (2012b) Soil Batch Spiked
 weathered PAHs 
and 
fresh crude oil 
reported as TPH
2.3 wt% Ambient 1 week
1) Weathered PAH  mass removal efficiency was  between 70 and 80% in the magnetite activated
system
2) Crude oil mass removal efficiency was  between 80 and 90% in the magnetite activated system
7-28 days
1) Highest diesel degradation rate of 56 % in 7 days was observed in a peroxide/persulfate system of 
3.3:0.5 
2) NaOH or CaO persulfate system showed a maximum of 30% diesel degradation
3) Results indicated that using increasing alkalinity of the oxidation solution increased decomposition
of persulfate with no significant effect on diesel degradation
Fe(II) candles 
ZVI candles
Mixed persulfate + Fe(II) + citric 
acid candles
0.1-0.5 M 20 and 50




Liang & Guo (2012) Soil Batch Spiked Fresh diesel fuel
1) The higher persulfate and ferrous ion concentrations (similar molar ratio systems), the higher 
diesel degradation rates
2) Treatment systems showed between 25 to 55% reductions of contaminants in spiked and 
weathered samples
3) Removal efficiencies of unactivated and activated treatment systems were comparable, indicating 
that in situ metal is effective in activating the persulfate
4) A two-stage diesel degradation was observed in the batch experiments: a rapid and slow stage
5) Fuel oil degradation efficiency was comparable to diesel fuel
6) Persistence of persulfate in the systems lasted more than five months
Fe(II) (FeCl2, FeSO4) (0.2 - 4 mM)
Co(II) (CoCl2, CoSO4) (0.2 - 4 mM)
pH (3, 6, and 9)
Fe(II) (0.5 to 10mM) (Fe:Persulfate 
1:100, 200, 500, 1000), goethite, 
hematite, magnetite, and manganese 
oxide (1, 5, and 7%)
zerovalent iron (ZVI) (1 g)
Fe(II):Persulfate (10:1)
unactivated (in situ Fe)
Magnetite activated
Alkaline (CaO and NaOH) (0.05-2 
M)
Hydrogen Peroxide (0.66 and 3.30 
M)
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 a mixtre of  PAHs 
2.3 wt% Ambient 1 week
1) Magnetite activate persulfate showed 70-80%  while soluble Fe(II) and unactivated showed 5-20% 
of reduction of  PAHs in spiked sand
2) Oxidation of Fluorenone was MRS activated while less than 20% in other two oxidant system
2) No PAHs removal was observed from the field sample soil
3) PAH degradation efficiency is highly on the dependant PAH availability and soil matrix
Al-Shamsi & 
Thomson (2013)
Aqueous Batch Spiked Naphthalene 0.26 g/L 20.5 18 hrs
1) 99% and 10% naphthalene reductions in nZVI-activated persulfate and nZVI treatment systems, 
respectively, were observed
2) X-ray photoelectron spectroscopy analyses showed that nZVI particle surfaces were passivated
3) Passivated nZVI activated persulfate appeared to have a better degradation efficiency than Fe2+ and 
granular ZVI activated persulfate systems




16 PAHs 90 g/L Ambient 12 hrs
1) Maximum PAH  removal of 30% and 55% were observed in field soils and spiked soils,
respectively 
2) High carbonate content was contributed to a drawback for radical reactions in field samples in
addition to poor PAH availability in these samples
Sra et al.  (2013) Aqueous Batch Spiked Fresh Gasoline Fuel 1 and 20 g/L Ambient 28 days
1) 1 g/L unactivated persulfate systems did not show ability to remove PHC F1 significantly while
PHC F2 decreased by 75% within 10 days
2) 20 g/L persulfate in both activated and unactivated systems removed PHC F1 by 50-97% 
significantly while PHC F2 decreased by 75% within 10 days
3) 40–60% reduction of PHC F2 was observed in natural activation treatment systems while 20-40% 
reduction of PHC F2 was observed in CA-Fe(II) and pH-13 treatment systems 
4) PHC F2 was degraded by 50-70% in the peroxide controls




20 g/L Ambient 10+ months
1) The decrease in the cumulative mass of contaminants was 60 to 80% due to persulfate oxidation. 
2) A partial rebound of 40 to 80% of contaminant concentrations was observed up to Day 315
Usman et al. (2013) Soil Column Spiked
a mixtre of weatherd 
PAHs
2.3 wt% Ambient 4 days
1) Oxidant system showed 63-70% degradation of PAHs
2) No mobilization of dissolved organic compounds out of the system was observed 
3) Oxidant system showed less reactivity towards high molecular
weight PAHs.
Soil 10 hrs
1) Naphthalene removals of 89% and 75% were observed in persulfate:
Fe-EDTA:naphthalene (300:10:1) and persulfate:Fe-EDDS:naphthalene
(150:75:1), respectively
Aqueous 7 hrs
1) Naphthalene removal was highest at 60% in persulfate:FeEDDS:naphthalene (150:75:1) treatment 
systems
2) persulfate consumed more by EDDS than EDTA, so EDTA was found to be a more suitable iron 
chelating agent
Zhao et al. (2013) Soil Batch Field samples
a mixtre of weatherd 
PAHs
60 g/L Various 72 hrs
1) Maximum PAHs degradation of 99.1% and persulfate consumption of 0.45–1.38 g/kg soil were
observed in thermal activated treatment systems
2) CA-Fe treatment systems showed persulfate consumption of 0.91–1.22 g/kg soil and PAHs
removal of 73.3–82.9% 
3) Oxidant consumptions and PAH removals were comparable in hydrogen peroxide activated, 
alkaline activated, and unactivated persulfate  treatment systems
Liao et al. (2014) Soil Batch Field samples
a mixtre of weatherd
PAHs
238 g/L




4 and 24 hrs
1) Significant PAH compositional changes was observed in pre- and post- oxidation soil
2) overall, both unactivated and thermally activated persulfate oxidation of PAH-contaminated soil 
resulted in PAH mass removal compared to the control system, however, the oxidant efficiency was 
limited in a naturally contaminated soil representing aged conditions compared to the comparable 
studies
3 to 6 g/L 20
Thermal (40, 50, 60)
CA-Fe (ferrous
iron: persulfate 1:10, 1:4, 1:2)
alkaline (10, 11, 12)





Yan & Lo (2013) Batch Spiked Naphthalene
Fe-EDTA 
(persulfate:FeEDTA:naphthalene 
150:10:1, 225:10:1 and 300:10:1)
Fe-EDDS 
(persulfate:FeEDDS:naphthalene 





Hydrogen peroxide (H2O2: Na2S2O8 
=5:1)
Unactivated
CA:Fe(II) 1:1 (Fe(II) 150 and 300 
mg/L)
Hydrogen peroxide (0.1 and 1 M)
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40, 70, and 100 fi 
thermal activation, 
ambient for the rest
24 hrs
1) TPH removal efficiency was 3% in unactivated, ~40.1% in CA-Fe activated, ~32% in alkaline 
activated, 21% in hydrogen peroxide activated, ~16% in thermal activated persulfate systems.
2) the age of contamination resulted in decrease in remediation efficiency compared to the 
comparable studies
Chen et al. (2016) Soil Batch Field samples
Wathered diesel 
reported as TPH
10, 30,50, and 100 
g/L 
Ambient 120 days
1) TPH degradation of increased by increasing persulfate concentrations and were 66, 72, 78, and 
93% for 10, 30,50, and 100 g/L, respectively.
2) Persulfate persisted in all treatment reactors to various degrees until for duration of the experiment,
except for reactors with 10 g/L concentration of persulfate that persulfate was not detected from day 
80 onward.
Lominchar et al. 
(2018)
Soil Batch Field sample
Weathered diesel 
reported as TPH
25, 50, and 100 g/L Ambient 56 days
1) TPH removal efficiency was 100% NaOH:persulfate = 4 at persulfate concentration of 100 g/L 
while in other systems  were between 60 and 77%. 
Soil Column 10 g/L
enough time to 
inject  ~18 PV 
of oxidant 
solution
Aqueous Batch 10, 50, and 100 g/L 5 hrs
Notes:
BTEX- refers to the chemicals benzene, toluene, ethylbenzene and xylene




1) The activated peruslfate system was compared to the hydrogen peroxide system, and it was 
concluded that hydrogen peroxide system was more effective in reducing the mass of the PHC. Both 
systems achived 100% removal but persulfate system reached that mass reduction with injection of 
~13 PV while only injection  6 PV of the hydrogen peroxide solution was needed for same mass 
reduction.    
Unactivated, thermal activation, 
CA-Fe (1:1), and 
hydrogen peroxide (H2O2: Na2S2O8 
= 100, 10, 1), 
alkaline activation (pH=9, 11, & 12)
Yang et al. (2020) Spiked Benzene and toluene
100 mL ferrous iron (100 mg/L): 100 
mL of persulfate solution 
Ambient
Alkaline activation (pH>12)





2.2.3 Persulfate Reaction Kinetics with LNAPL Hydrocarbons 
Many of the persulfate reactions with fuel hydrocarbons are thermodynamically favorable. The mass 
balance law for the reaction between persulfate and an organic compound can be described written as  
(Tsitonaki, A. et al., 2008): 
 𝑑 𝐶 𝐻
𝑑𝑡
𝑘 𝐶 𝐻 𝑆 𝑂  (2.1) 
 
In the above equation, 𝑘 is the reaction rate coefficient with respect to the organic compound, and nPHC and 
nox are the reaction orders for PHC compound and persulfate, respectively. In the majority of studies to 
date, it is assumed that the oxidant concentration remains constant for the duration of the experiment, and 
𝑛  is assumed to be unity, modifying Equation (2.1) as: 
 𝑑 𝐶 𝐻
𝑑𝑡
𝑘 𝐶 𝐻  (2.2) 
where 𝑘  is defined as pseudo-first-order reaction rate coefficient and is the product of 𝑘 and initial 
persulfate concentration. In some studies, it was observed that degradation of organic compounds has a 
multiple-stage degradation process and is nonlinear, notably, at longer experimental times (>10 days) 
(Biswas, 2011; Lominchar et al., 2018; Yen et al., 2011). Tratnyek et al. (2009) noted this trend in their 
data; nevertheless, they decided only to fit the initial portion using the pseudo-first-order for practical 
purposes. Shafieiyoun et al.  (2018) used soil columns to study the ability of persulfate in the oxidation of a 
multicomponent NAPL mixture. The soil used in the study was collected from a contaminated site; 
however, the study only focused on the detected NAPL components with known concentrations. Their 
attempt to estimate second-order reaction rate coefficients for any of the components was not successful 
even by adopting idealized conditions (per authors' admission), including the assumption of infinite 
dispersion. The exact persulfate reaction mechanism with a PHC mixture is unknown. Regardless of the 
initial unactivated or activated condition, persulfate can potentially react with daughter products and 
generate reactive radicals that complicate kinetics investigations (Tratnyek et al., 2009). In light of the 
above information, it is not desirable to overtly apply a pseudo-first-order model to persulfate oxidation 
reactions with weathered PHCs. An extensive literature review indicates that with the exception of one 
peer-reviewed publication (Mendes et al., 2020), only pseudo-first-order kinetics are reported. Mendes et al. 
ran a 4-hour batch experiment with naphthalene (NAP) spiked soil at a concentration of 80 mg NAP/kg 
soil. A 6.5 mL of persulfate solution (~18 g.L-1) was activated by 1 mL of ferrous sulfate (~4 g.L-1) and was 
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added to 3.75 g of spiked soil in a 20 mL vial. The experimental data were best fitted to pseudo-zero-order 
kinetics; however, the authors have reported both first- and second-order rate reactions. In this research, 
pseudocomponents (based on PHC fractions) are defined, and a numerical approach is developed to 
estimate fundamental kinetic data such as nonlinear reaction rate constants. 
2.3 Interphase Mass Transfer and Reactive Mass Transport  
A comprehensive, realistic ISCO modeling framework with the ability to conservatively access remediation 
effectiveness can be used to provide an understanding of the system behavior and greatly assist with 
remedial design and optimization. Most standard model tools approved by the USEPA are for groundwater 
flow and contaminant transport applications. As of now, models that can capture in situ persulfate 
oxidation, a weathered residual source, and the relevant complex processes are lacking. Several analytical 
and numerical solution approaches have been developed for remediation of residual NAPL source; 
however, they either address some of the processes (Frind et al., 1999; Molson et al., 2002) or are based on 
unrealistic and overly simplified physical models (Shafieiyoun & Thomson, 2019).  
Several governing equations are considered for the simulation of a P-ISCO of a residual NAPL source in 
the subsurface, including groundwater flow, residual NAPL dissolution, advective-dispersive transport, and 
chemical reactions for oxidation of dissolved phase. The NAPL desorption was assumed negligible 
(Appendix C). By assuming that the linear driving force can represent LNAPL interphase mass transfer (as 
done by, e.g., Frind et al., 1999 or Powers et al., 1994), the following one-dimensional partial differential 
equation can capture spatial and temporal concentration changes for the ith component of an LNAPL 











𝑘 𝛼 𝐶 𝐶 𝑘 𝐶 𝐶  (2.3) 
where 𝑣 (cm.day-1) is average linear groundwater velocity, 𝐷  (cm2.day-1) are the hydrodynamic dispersion 
coefficients for persulfate and ith component, respectively. 𝐶  (g.L-1) is the solubility limit, 𝑘  (cm.day-1) 
mass transfer coefficient, and 𝛼  (cm-1) is the LNAPL- water specific (but unknown) interfacial tension. 𝐶  
is the concentration of oxidant, 𝑛  and 𝑚  are the exponents in the reaction rate expressions. 
Mass transfer coefficient is commonly determined based on Gilland-Sherwood number (Sh), an empirical 
nondimensional expression, that relates NAPL-water interphase mass transport resistance to the molecular 








In the above equation 𝑙  (cm) is a characteristic length and can be defined in the range of pore scale  (Zhao 
& Ioannidis, 2003) to laboratory scale  (Powers et al., 1994), to field scale (Parker & Park, 2004). 
𝐷 (cm2.day-1) is the molecular diffusion coefficient of ith the component in a NAPL mixture. Most 
researchers avoid quantifying 𝑘  and instead, use lumped mass transfer rate coefficient, 𝐾  (day
-1), which 
is the product of k  and α . Due to the heterogeneous nature of porous media structure, NAPL geometry, 
and NAPL wettability that makes the quantification of αi difficult (Sahloul et al., 2002). Miller et al.  (1990) 
provided a modified definition of Sherwood number, Sh', that has been defined as a function of NAPL-






Most existing Sherwood number expressions are developed based on laboratory-scale experiments using 
simplified NAPL blob geometry of single NAPL sphere models or lumped domain models (by assuming 
uniformly distributed NAPL saturations) (e.g., Imhoff et al., 1994; Miller et al., 1990). In reality, however, 
a residual NAPL source zone is a collection of subzones of trapped blobs and ganglia of complex 
geometries within the soil pore network (Figure 2-3). The orientations of these NAPL subzones to 
preferential flow paths play an essential role in overall NAPL dissolution within the contaminated aquifer 
and NAPL availability for P-ISCO remediation. Different flow passing scenarios can be applied for the 
same interfacial area due to pore-scale structure and NAPL architecture (Agaoglu et al., 2016). Another 
issue with the formulation of many of the existing Sherwood formulations is the assumption that water is 
the wetting liquid. During the dissolution process, the composition of a NAPL mixture changes, which can 
result in an alternation of the degree of wettability or shift of the system to a NAPL-wet state (or vice versa) 
depending on the remaining components and compositions. Zhao and Ioannidis's (2003) research shows 
that in a NAPL-wetting system, the available interfacial area for mass transfer is larger than a water-wetting 
system at a comparable NAPL saturation and pore-scale structure and results in higher NAPL dissolution. 
In addition to the above issues, the solution to Equations 2.3 requires identification and knowledge of the 
composition of each component within a multicomponent NAPL mixture. However, weathered NAPLs at 
contaminated sites are comprised of hundreds of thousands of unknown components.  The existing 
modeling studies have been based on (1) a single component selected from a NAPL mixture or, at best, (2) 
a mixture of known (and fresh) components. In a recent modeling effort to evaluate the intra-NAPL 
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diffusion and its effect on dissolution in the presence of persulfate oxidation, a flow-through chamber was 
used in a horizontal position (Shafieiyoun & Thomson, 2019). A rectangular cuboid NAPL body was 
placed at the bottom of the chamber, and the experiments were conducted in the absence of porous media. 
Only the top surface area (length x width) of the rectangular cuboid was exposed to the flowing persulfate 
solution. The isolated multicomponent NAPL mixture had a similar composition to the NAPL used in the 
Shafieiyoun et al. (2018) study. The authors claim that their reactive transport model generates "realistic 
parameters (i.e., mass transfer rate coefficients, equilibrium concentration of NAPL constituents, activity 
coefficients, and NAPL characteristics)." As described in earlier sections, the problematic multicomponent 
NAPL contaminations in the subsurface consist of several entrapped NAPL bodies. The above parameters 
cannot be determined realistically when NAPL source zone architecture 1F2 and preferential flow in porous 
media are entirely disregarded. Although their model is theoretically appealing, its practical utility has 
limited value for the assessment of NAPL dissolution and to assist with the design and optimization of a P-
ISCO remedial program.  
 
 
Figure 2-3: Conceptual model of NAPL, aqueous, and solid phase in the saturated zone  
2.4 Summary 
Over the past two decades, persulfate-based ISCO has gained increasing attention for remediation of 
petroleum NAPL contaminated subsurface. Its economic feasibility, ability to oxidize a wide range of 
recalcitrant organic contaminants, and persistency in the subsurface have made it an attractive oxidant for 
 
2 Source zone architecture is defined as number, geometry, special distribution, and collective saturation of NAPL 
subzones within the contaminated aquifer that composed the overall source zone  (Sale & McWhorter, 2001) 
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field applications. The current upsurge in scientific publications on persulfate-based ISCO technology 
suggests confidence and optimism on the part of academic researchers and non-academic stakeholders 
about the future of the technology. However, the majority of petroleum NAPL focused remediation 
research with the technology has been done on a single compound or mixture of known compounds, 
primarily from fresh products and often in the absence of porous media. The literature available on 
persulfate-based ISCO treatment of weathered NAPL contaminated soil is scarce and very limited in scope. 
One of the missing and highly desired tools, aligned with data from realistic design and execution of 
laboratory trials that can provide a better reflection of the in situ system behavior, is developing modeling 
and simulation capabilities that provide researchers and practitioners acceptable explanatory powers to 
explore and access various remediation scenarios, offer reliable support for decision-making, and enable 




Chapter 3 2F3: 
Persulfate oxidation to remediate soil contaminated by weathered 
multicomponent nonaqueous phase liquid:  
Column experiments and modeling 
3.1 Overview 
In this chapter, a mathematical model is formulated to help explain and access both activated and 
unactivated persulfate efficiency for mass destruction of weathered residual multicomponent light 
nonaqueous phase liquid (LNAPL). The model can simulate coupled processes of residual LNAPL 
dissolution, advective-dispersive transport, and complex oxidation of dissolved phase reactions. As part of 
this study, detailed aqueous batch and flow interruption (Brusseau et al., 1989) soil column experiments 
were designed and implemented for the purpose of model parameterization. Efforts were made to capture 
physical and chemical processes at a level that is applicable to complex in situ conditions. This research is 
unique in several aspects. To the author's knowledge, this is the first time an investigation has defined an 
LNAPL pseudocomponent based contaminants' toxicity and successfully estimated their complex nonlinear 
kinetic characteristics in persulfate oxidations reactions. This is the most comprehensive study presenting a 
physical model for persulfate-based in situ chemical oxidation (P-ISCO) under laboratory conditions that 
closely resemble in situ environments with respect to the heterogeneous distribution of residual NAPL mass 
oxidant to solids mass ratio and multiple oxidant delivery iterations. This is the first reasonably realistic 
numerical approach for simulating P-ISCO degradation of weathered residual sources in a transport model 
that can serve as a guidance tool for performance assessment in field-scale applications. 
3.2 Introduction 
Petroleum hydrocarbon (PHC) mixtures such as diesel fuel are light nonaqueous phase liquid (LNAPL) 
contaminants frequently encountered at sites across North America (CL: AIRE, 2014; Tomlinson et al., 
2017). LNAPLs have a lower density than water and, upon release to the environment, migrate downward 
in the vadose zone and tend to accumulate in the vicinity of the water table. Movement of the water table 
results in spreading, disconnection trapping of LNAPL in the form of ganglia (blobs) within soil pores, and 
the establishment of an immobile residual LNAPL saturation in a so-called smear zone. Weathering of 
 
3 Most content from this chapter is also within a submitted article co-authored by myself and my supervisors Professor 
Ioannidis and Professor James R. Craig. 
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LNAPL causes significant compositional, physical, and chemical changes in the PHC mixture, resulting in 
more viscous and less soluble compounds than the original mixture (Fingas, 2017). This residual weathered 
LNAPL acts as a long-term, continuous source of groundwater contamination through dissolution, which 
persists until it is naturally attenuated or actively remediated (Powers et al., 1996).  
The destruction and potentially complete mineralization of PHCs in contaminated soil and groundwater by 
in situ chemical oxidation using persulfate as the oxidant (P-ISCO) has received considerable attention 
(Huling & Pivetz, 2006; Lominchar et al., 2018; Siegrist et al., 2011). Persulfate has a broader range of 
reactivity towards PHCs than permanganate  (Crimi & Taylor, 2007; Watts, Richard J. & Teel, 2006) and, 
unlike peroxide, can persist in the subsurface for several weeks (Matzek & Carter, 2016) without producing 
by-products that can alter the permeability of the subsurface (Conrad et al., 2002; Heiderscheidt et al., 
2008; Watts & Teel, 2006). Persulfate can produce powerful free radicals (e.g., SO4̶ ●, OH●) upon activation 
to potentially enhance the oxidation rate of organic compounds. The understanding of persulfate activation 
has increased considerably in the past twenty years, and various activation methods have been proposed to 
increase the efficiency of the oxidation process for the destruction of PHCs (Matzek & Carter, 2016).  
Many studies on P-ISCO for PHC remediation have been conducted in batch systems (Huang et al., 2005; 
Kambhu et al., 2012). Persulfate in a batch reactor has unlimited residence time and an unrealistic oxidant-
to-solids mass ratio (Lominchar et al., 2018).  Batch tests are therefore likely to overestimate the efficiency 
and effectiveness of the oxidation process in the field. Furthermore, the bulk of the literature on P-ISCO 
research has been focused mainly on a single representative compound selected from a PHC mixture (Liang 
et al., 2011 a,b; Yan & Lo, 2013), with limited effort to investigate the oxidation of weathered petroleum 
mixtures  (Yang et al., 2019). Yet, a key characteristic of many LNAPLs at field sites is that these liquids 
are a complex mixture of hundreds of organic contaminants, which significantly complicates the 
remediation process and its mathematical description using models of reactive transport in porous media. 
At many, if not all, contaminated sites, remediation of PHCs is strongly limited by their multicomponent 
nature (Banerjee, 1984; Miller & Weber, 1984; Mukherji et al., 1997).  Intra-NAPL diffusion and complex 
equilibrium partitioning at the NAPL-aqueous interface result in a decrease of the dissolution rate over time 
that is very difficult to predict (Brahma & Harmon, 2003).  The LNAPL present at most contaminated sites 
is so heavily weathered that gas chromatography analysis only leads to a hump or unresolved complex 
mixture (UCM) in the chromatogram, meaning that the individual compounds cannot be identified or 
quantified. Therefore, although conceptually valuable, current findings regarding the fate of individual 
compounds cannot be extrapolated to design a P-ISCO system for contaminated sites impacted by highly 
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weathered recalcitrant PHC mixtures. The relevance of reaction rate kinetics discerned from batch tests 
with a single or few fresh PHCs to P-ISCO in the field is not clear.  With few exceptions (Mendes et al., 
2020), most studies of the persulfate oxidation rate have reported only pseudo-first-order kinetics (Huang et 
al., 2005; Sra et al., 2013; Tratnyek et al., 2009), limiting the applicability of the kinetic parameters 
estimated. For practical application of P-ISCO in a field setting, where reactant concentrations are certain to 
vary significantly in space, the reactivity of complex weathered LNAPLs with persulfate must be described 
with sufficient accuracy to access the outcome of P-ISCO remediation strategies.  To the best of our 
knowledge, this objective has yet to be met.  
Despite the increased interest in P-ISCO for research and commercial application, an experimentally 
validated model that could be used to examine different P-ISCO remediation scenarios is presently lacking. 
Predicting the outcome of P-ISCO in the subsurface is indeed a formidable task since it requires simulating 
the coupled processes of non-equilibrium dissolution of a weathered multicomponent NAPL of 
incompletely known composition advective–dispersive transport in a multicomponent aqueous phase in the 
presence of complex oxidation reactions with incompletely known kinetics.  In the absence of a model with 
explanatory capacity, the design and implementation at the field scale have relied upon on-field experience, 
bench and pilot tests, and observational methods (Siegrist et al., 2011). In a significant recent work, 
Shafieiyoun and Thomson (2019) have attempted to account for some of the complexities of P-ISCO of 
multicomponent LNAPLs.  Seeking to elucidate the effect of intra-NAPL diffusion on contaminant 
dissolution and subsequent oxidation by persulfate in a flowing aqueous phase, these authors formulated a 
model appropriate for a single isolated NAPL blob of known chemical composition and simple shape. 
Shafieiyoun & Thomson (2019) assumed second-order oxidation rate coefficients and sought to calibrate 
their model against experiments conducted in a microfluidic system of simple geometry. They found 
evidence for NAPL-persulfate interactions inhibiting interphase mass transfer, but the relevance of this 
finding for P-ISCO within porous media requires further investigation. While necessary for resolving intra-
NAPL concentration gradients, the assumptions of known initial NAPL composition and simple geometry 
are at odds with reality in a field setting. Multiple NAPL bodies are heterogeneously distributed within 
porous media, their relative orientation to the flow path varies  (Agaoglu et al., 2016), the NAPL-water 
interfacial area for mass transfer depends crucially on pore structure and wettability (Zhao & Ioannidis, 
2003), and the time evolution of the chemical composition of each NAPL body is markedly different. These 
limitations provide strong motivation for investigating P-ISCO in one-dimensional soil columns. 
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In this thesis, the effectiveness of various persulfate treatment strategies and the resultant mass 
removal/destruction behaviors in both groundwater and soil from a historical site impacted by weathered 
diesel fuel w Considering that the NAPL composition is often practically resolved only in terms of PHC 
fractions F1 to F4  (CCME, 2008), we adopt a phenomenological description for the oxidation by persulfate 
of PHC fractions treated as pseudocomponents and validate this approach using experimental data for 
persulfate treatment of impacted groundwater in stirred batch reactors.  Without further adjustment of the 
reaction kinetic parameters, we then consider the integration of persulfate oxidation kinetics within a one-
dimensional model of dissolution, advection, and dispersion in porous media. The ability of this model to 
describe NAPL mass removal from soil columns during persulfate treatment – without and with activation 
by sodium hydroxide– is examined.  Conclusions are drawn about the potential of this approach to estimate 
the extent of NAPL depletion during P-ISCO remediation that can inform remedial design in a field setting. 
3.3 Experimental Design  
3.3.1 Materials and Methods 
3.3.1.1 Chemicals  
Sodium persulfate (Na2S2O8, reagent grade, ≥ 98%, Sigma-Aldrich Co., Milwaukee, WI), ferrous sulfate 
heptahydrate (FeSO4•7H2O, J.T. Baker, Phillipsburg, NJ), citric acid anhydrous (C6H8O7, Fisher, Fair 
Lawns, NJ), sodium hydroxide (NaOH, Sigma-Aldrich Co., St. Louis, MO), naphthalene (C10H8, GLC 
purity ≥ 99%, BDH Inc., Toronto, ON), and sodium azide (NaN3, EMD Chemicals Inc., Gibbstown, NJ) 
were utilized without further purification. Chemicals for persulfate concentration analysis included ACS 
grade ferrous ammonium sulfate (FAS) (Fe(NH4)2 (SO4)2ꞏ6H2O)), EMD Chemicals Inc., Gibbstown, NJ), 
ammonium thiocyanate (NH4SCN) (J.T. Baker, Phillipsburg, NJ) and sulfuric acid (H2SO4) (EMD 
chemicals Inc., Gibbstown, NJ). Dichloromethane (CH2Cl2, purity ≥ 99.8%, Sigma-Aldrich Co., St. Louis, 
MO) was used as a partitioning solvent for PHC analysis. Aqueous solutions of the chemicals were 
prepared, if required, using Milli-Q® water.  
3.3.1.2 Contaminated subsurface Soil 
Soil and groundwater were collected from a weather diesel fuel contaminated Site located in Ontario3F4. 
Chapter 4 provides detailed sample collection methodologies. Generally, an appropriate number of ~1.5 m 
 
4 Due to a confidentially agreement signed by the research team the location of the Site cannot be disclosed 
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long soil cores in dedicated clear acetate liners were collected (Figure 3-1 (a)) and subsampled in the 
laboratory for analysis of F2 and F3. Soil samples from the soil cores with elevated concentrations of the 
pseudocomponents were used for soil treatability studies. The contaminated soil used in this experiment 
was sourced from the smear zone at approximate depths of 6 to 9 m bgs and was characterized as medium 
to coarse textured native permeable sand with median grain size (d50) of 0.071 cm and uniformity index (Ui 
= d60/d10) of 1.2. Groundwater samples were collected from 12 multilevel well transects containing 60 
sampling points from 6 to 9 m bgs (Figure 3-1 (b)) utilizing a low flow (0.2 L.min-1 or less) purge sampling 
technique via Masterflex L/S 12VDC peristaltic pump (Model 7533-40). Samples were collected in amber 
glass containers containing 10% sodium azide preservative. The groundwater samples were placed in 
coolers, maintained at ~4°C for transport to the laboratory for analysis to confirm the elevated level of PHC 








Figure 3-1: a) Soil cores collected at the Site b) Schematic diagram of multilevel well used for groundwater 
sample collection 
The concentration of F 2 and F3 in groundwater averaged 4626.7 and 4402.4 µg.L-1, respectively. Due to 
circumstances beyond research team control, the alkaline activated and unactivated columns were packed 
with soil obtained from different cores.  In 40-unactivated columns, the concentration of PHC F2 and F3 in 
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soil were averaged 538.6 and 1441.6 mg-NAPL per kg-soil, respectively. In alkaline columns, the 
concentration of PHC F2 and F3 in soil were averaged 1663.4 and 4675.6 mg-NAPL per kg-soil, 
respectively.  Table 3-1 presents the physico-chemical properties of F2 and F3. The F2 and F3 data were 
determined by averaging the properties of the most common compounds found in diesel fuel range PHCs  
(Gustafson et al., 1997). 
Table 3-1: Physico-Chemical Properties Organic Phases 
Property Symbol Units F2 F3 
Density ρ g.cm-3 0.88 0.98 
Solubility CS g.L-1 8.70E-03iii 1.01E-02iii 
Free liquid diffusivity DL cm2.day-1 1.146E-02iii 2.840E-02iii 
 
3.3.2 Analytical Methods 
Pseudocomponent F2 and F3 analyses were performed following the applicable sections of the Canadian 
Council of Ministers of the Environment (CCME) method "Reference Method for the Canada-Wide 
Standard for Petroleum Hydrocarbons (CWS-PHC) in Soil – Tier 1 Method" (MOE Method DECPH-
E3421/CCME). In general, the pseudocomponents were extracted from the aqueous and soil samples using 
solvent partition and analyzed by HP 5890 capillary gas chromatograph (GC) equipped with an HP7673A 
autosampler and a flame ionization detector. Dichloromethane (1 mL) was added to 5 mL of groundwater 
samples in glass vials and sealed with an aluminum crimp cap and Teflon septum. The vials were then 
shaken on their sides at 350 rpm on a platform shaker for 20 min. Upon completion of shaking, the vials 
were reverted for 30 min to allow the phases to separate. For soil samples, ~10 g of collected soil samples 
were placed in 20 mL glass vials containing ~15 mL of dichloromethane and shaken for 18 hours and then 
were allowed to settle. A gas-tight glass syringe was employed to transfer 1 mL of the solvent phase from 
the vials to Teflon-sealed auto-sampler vials into HP 5890 capillary GC equipped with a flame ionization 
detector. The bulk PHC fractions F2 (C10 to C16) included integration of all area counts on a PHC 
chromatogram beginning just after the decane (nC10) peak to the apex of the peak hexadecane (nC16) 
peak. The bulk PHC fractions F3 (C16 to C34) included integration of all area counts on a PHC 
chromatogram beginning just after the hexadecane (nC16) peak to the apex of the peak tetratriacontane 
(nC34) peak. The reader is referred to Appendix A for further details. Persulfate concentration analysis was 
 
29 
performed following Liang et al.'s (2008) method for unactivated and alkaline activated persulfate analysis. 
The Huang et al. (2002) method was performed to analyze the chelated ferrous activated persulfate to 
eliminate the interfering effect of ferric ions that are produced during the activation process. An Orion pH 
meter (model 290A) was used to measure pH. Oxidation-reduction potential (ORP) was measured by an 
Orion® ORP probe (Model A325).  An Orion (5 Start portable multi-parameter meter) was used to measure 
electrical conductivity (EC).  
3.3.3 Natural Oxidant Demand 
One of the challenges in ISCO design is the oxidant loading rate to achieve the treatment objective. The 
non-target reactants reduced metals, and natural oxidant matters (NOM) can be major oxidant sink by 
increasing the persulfate consumption or decomposition rate, hence, impose a background oxidant demand. 
This natural oxidant demand (NOD) generally completes with target contaminants and reduces persulfate 
efficiency and performance. A series of well-mixed triplicate slurry batch tests were performed to 
determine the potential NOD values of unimpacted soil for unactivated persulfate systems. The unimpacted 
soil was collected from the same Site. The oxidant loading rates, mass oxidant per mass subsurface soil) 
varied from 5 to 50 gpersulfate.kg-1soil. The initial concentrations of 5, 20, 30, and 40 g.L-1 were added to 50 g 
of soil in 125-mL clear glass vials with Teflon® screw-cap septum to achieve the oxidant loading rates of 5, 
20, 30, and 40 gpersulfate.kg-1soil, respectively.  In addition, two other experiments at the persulfate loading 
rates of 20 and 50 gpersulfate.kg-1soil where the persulfate concentration of 30 g.L-1 was added to 75 and 40 g of 
soil, respectively. A small aliquot (~2 mL) of the supernatant was withdrawn from each reactor after 8, 15, 
and 29 days. The reactors were manually shaken initially and after each sampling event and maintained at a 
temperature of ~20oC in the dark for the duration of the experiment. The reader is referred to Appendix B 
for further details. 
3.3.4 Groundwater Treatability Studies in Batch Reactors 
A series of well-mixed batch experiments were conducted to evaluate the ability of non-activated and 
alkaline-activated persulfate systems to destroy dissolved phase F2 and F3 PHC. The trials for evaluation of 
the unactivated persulfate were conducted at two concentrations of 40 g.L-1 (40-unactivated) and 80 g.L-1 
(80-unactivated). The data obtained from the 80-unactivated reactors were assessed the degree to which the 
rate of the PHC oxidation increased when the concentration of persulfate increases from 40 g.L-1 to 80 
g.L-1. For activated systems, a concentration of 40 g.L-1 of persulfate was used. The reported values of ORP 
at the research Site range from -400 to +6 millivolts (mV) and suggest a reducing condition (Golder, 2009). 
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Once groundwater is in contact with the atmosphere, the introduction of oxygen raises the ORP values, and 
aerobic bioactivity could resume (EPA, 2013). The PHC control reactors were prepared that contained only 
groundwater to account for the potential biodegradation of the F2 and F3 pseudocomponents. Biocide 
control reactors (BIO-CTRL) were designed to block the potential aerobic bioactivity by the addition of a 
sodium azide solution. The alkaline-activated treatment (ALK) reactors were to evaluate the performance of 
persulfate at high pH values (=~12) in activated persulfate systems. Since at higher pH values, some 
organic compounds may undergo hydrolysis reactions (Sra, 2010), pH Control reactors (pH-CTRL) were 
established to assess if hydrolysis alone can play a role in the F2 and F3 mass reduction.  The dissolved 
PHCs in groundwater at the Site is a complex LNAPL mixture containing hundreds of thousands of 
components that cannot be identified individually. To verify the effectiveness of the persulfate system (e.g., 
40-unactivated), a single PHC was selected and dissolved in Milli-Q® water for a proof-of-concept test. 
Naphthalene has been widely utilized for research on PHC oxidation (Liang and Guo, 2010) and was 
selected as a single component of PHC in this study. The data from these reactors were used for comparison 
of persulfate performance for multiple compounds versus single compound oxidation. Groundwater 
collected from the Site with elevated concentrations of the F2 and F3 was selected and mixed in a glass 
container. Aliquots of 450 mL of the mixed groundwater were dispensed to 1300 mL clear glass reactors 
and capped with the Mininert™ valves. Sodium persulfate was added to the groundwater in treatment 
reactors to attain the desired concentrations. In both elevated pH control and alkaline-activated treatment 
reactors, elevated pH was achieved by incrementally adding sodium hydroxide. Chelated-ferrous (CA-Fe) 
trials were performed at 300 mg.L-1 Fe (II) concentration chelated with citric acid (CA) at a molar ratio of 
1∶1. Approximately 7 mL of sodium azide solution (10% w/v) was added to the groundwater in biocide 
control reactors. Single PHC treatment reactors (Naphthalene) were prepared using Milli-Q® water (instead 
of groundwater) that was spiked with naphthalene to achieve a concentration of ~5 mg.L-1. Enough 
headspace was left in the reactors to avoid pressure buildup due to the generation of gases. All tests were 
implemented in triplicates. The reactors were placed on an orbital shaker (300 revolutions per minute) at a 
temperature of ~20oC in the dark. Temporal 20 mL samples from each reactor were collected until the 
concentrations of the F2 and F3 were either non-detectable or constant for three consecutive measurements. 
Based on the available studies of oxidation of the diesel range organics, a two-stage organic compound 
removal was expected: a fast reduction of the organic compounds (4 to 7 days) followed by a significant 
decrease in oxidation rate (Yen et al., 2011). As such, samples from each reactor were collected daily for 
the first week, every 3 days for the next 14 days, and every other week thereafter until concentrations of 




3.3.5 Soil Treatability Studies in Flow-Through Columns 
The objective of these tests was to evaluate the performance of two persulfate systems, unactivated and 
alkaline-activated, for F2 and F3 mass reduction/removal in the impacted soils. These two persulfate 
systems were selected based on their performance efficiency and practicality attributes during groundwater 
treatments studies. A series of soil column experiments were performed by employing a flow interruption 
method to mimic desirable in situ conditions with respect to oxidant-to-solid mass ratio and to provide 
sufficient reaction time. Two sets of control columns were run in parallel and operated similar to treatment 
columns, however, in the absence of persulfate solution. The PHC control columns (CTRL) were injected 
with Milli-Q® during each injection period. These control reactors were implemented to assess F2 and F3 
losses without being subjected to oxidation reactions and to determine the contribution of potential aerobic 
bioactivity in contaminant mass reduction in the soil. As described in groundwater treatment studies, PHCs 
at elevated pH might undergo hydrolysis reactions; and so, pH control reactors (pH-CTRL) were operated 
at a pH of ~12 to investigate the effect of hydrolysis in the PHC mass reduction in soil. A 40 g.L-1 
persulfate concentration solution (yielding 5 goxidant.kg-1soil). The treatment plan included five injection 
episodes at an oxidant loading rate to determine the extent of NAPL mass removal. This treatment plan is 
considered a heavy application, as previous studies of ISCO at the field scale report only two persulfate 
injection episodes (Krembs, 2008). The rationale for selecting this concentration was that in literature, total 
oxidant loading (g-persulfate per kg bulk media) ranges between 0.3 to 34 goxidant.kg-1soil, with a median of 
~5 goxidant.kg-1soil  (Krembs et al., 2010).  
3.3.5.1 Soil Column Preparations 
Impacted aquifer soil collected from the Site was homogenized and packed in polyvinyl chloride (PVC) 
columns (Figure 3-2). To avoid handling difficulties, only grain size <2 millimeters (mm) was used. The 
column length was 10 cm with an inside diameter (ID) of 3.8 cm. Each column was equipped with two 
filters consisting of glass beads (Potter Industries Ltd.) with a mean diameter of 0.7 mm, a thin layer of 
glass wool (Pyrex, VWR), and stainless-steel screens (#80 screen mesh) at each end to encourage uniform 
flow and to retain the soil. The weathered PHC impacted soil was added in ~ 0.5 cm lifts and packed.  
During packing, representative samples were collected at ~2 cm intervals to determine the initial 
concentration/mass of the F2 and F3 in soil. The packed columns were weighed and connected to a 
peristaltic pump (Model Masterflex L/S 12) to maintain a fixed flow rate and positioned to operate in an 
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up-flow mode to avoid channeling of the influent solution. Initially, all the packed columns were fed Milli-
Q® water for water saturation at a flow rate of 0.02 mL.min-1 until ~40 mL of water was collected from the 
effluent. The saturated columns were weighed, and the pore volume (PV) of the columns was estimated. 
Then three pore volumes of Milli-Q® water were injected, and effluent samples were collected and analyzed 
for analysis F2 and F3 to establish baseline conditions.  
 
 
Figure 3-2: Schematic of Column Design 
3.3.5.2 Injection Episodes and Samplings 
The reagent solutions were prepared and stored in an injection reservoir prior to each injection episode. 
Each episode consisted of three periods. Period I was identified with the injection (at a constant flow rate of 
0.2 mL.min-1) of the reagent solution until consistent electric conductivity, confirming the breakthrough of 
the persulfate solution, was established downstream. The columns were then clamped at both sides for the 
reactions to occur. In Period II, which lasted for 5 days, the opportunity for prolonged residence time was 
provided with the objective of maximizing the mass reduction of LNAPL under no-flow conditions.  In 
Period III, the columns were unclamped and flushed (at a constant flow rate of 0.05 mL.min-1) with 4 PVs 
of Milli-Q® water in order to remove the residual persulfate and to establish a new baseline for the 
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subsequent treatment episode. Rebound conditions, if any, prior to each injection episode were established. 
Throughout the experiment, the flow rate was verified periodically by volume measurements of the column 
effluent.  At the completion of the experiment, columns were disassembled, sliced in half through their 
length, and sectioned in 2 cm increments (~10 g subsamples), and collected for analysis of F2 and F3 
pseudocomponents. All column tests were conducted in triplicate to capture variability.  
3.4 Conceptual and Mathematical Models 
Despite advances in ISCO technologies, the behavior of a complex system of advection-dispersion-
dissolution-reaction during a P-ISCO of a multicomponent LNAPL phase in porous media is still associated 
with significant uncertainties that could significantly impact performance and effectiveness remedial plans 
and make modeling intractable unless simplifying assumptions are made.  The approach taken here is to 
adopt a phenomenological description of LNAPL oxidation by persulfate. The LNAPL is not described in 
terms of the concentrations of individual chemical species in a mixture but in terms of PHC fractions F2 
and F3.  These pseudocomponents undergo dissolution into the aqueous phase, oxidation by persulfate, and 
are transported in soil by advection and dispersion. Our conceptual models rely on three key assumptions: 
(1) oxidation reactions lead to complete mineralization of F2 and F3 compounds to CO2 and H2O; (2) 
inorganic geochemical processes are not significant; (3) persulfate is completely soluble and does not 
precipitate under the test conditions. In this chapter, a comprehensive numerical model is developed to 
simulate the coupled processes of multicomponent NAPL dissolution, oxidation reactions, advective–
dispersive transport within a saturated system.  
3.4.1 Simulation of Batch Tests 
The conceptual model includes a well-mixed aqueous phase (groundwater) containing dissolved LNAPL 
from residual weathered multicomponent sources (Figure 3-3). The aqueous phase also contains oxidant 
systems.  It is assumed that oxidant, F2, and F3 are only available in the dissolved phase in the aqueous 
phase, and all reactions occur in the aqueous phase. The proposed model is isolated, meaning it assumes the 
domain is free of an LNAPL source and aquifer solid in order to reduce the complexity of reactions and 
parameters involved. In the development of the model, the interest was placed on estimating a reasonable 









Figure 3-3: Dissolved LNAPL plume within the saturated zone at the Site (a) F2 and (b) F3 
The following coupled differential equations were developed from the mass balance of persulfate and 
pseudocomponents during oxidation reactions: 
 𝑑𝐶
𝑑𝑡
𝛽 𝑘 𝐶 𝐶 𝛽 𝑘 𝐶 𝐶  (3.1) 
 𝑑𝐶
𝑑𝑡
𝑘 𝐶 𝐶  (3.2) 
 𝑑𝐶
𝑑𝑡
𝑘 𝐶 𝐶  (3.3) 
In the above equations, 𝛽  𝑎𝑛𝑑 𝛽  are apparent stoichiometric coefficients for F2 and F3, respectively, 
whereas 𝐶 , 𝐶 , 𝑎𝑛𝑑 𝐶  are the concentrations of persulfate, F2, and F3, respectively. The parameters  
𝑘  𝑎𝑛𝑑 𝑘  are the reaction rate constants and the parameters 𝑚 , 𝑚 , 𝑛 , 𝑎𝑛𝑑 𝑛  are the exponents 
in the reaction rate expressions.  These rate expressions are entirely empirical in nature and contain no 
information about the mechanisms of PHC oxidation by persulfate.  Their value is limited to their potential 
to quantify the dependence of reaction rates upon the oxidant and LNAPL compound group concentrations 
in terms of a set of parameters (𝛽 , 𝛽 , 𝑘 , 𝑘   , 𝑚 , 𝑚 ,  𝑛 , 𝑎𝑛𝑑 𝑛 . In this work, the model 
Equations (3.1)-(3.3) were readily integrated in MATLAB using a low-order implicit method (ode23s).  
The eight parameters (concentration exponents, stoichiometric coefficients, and reaction rate constants) 
assumed to describe the oxidation kinetics of diesel fuel components in the aqueous phase were estimated 
by fitting the solutions to the experimental data obtained from treatability tests in batch reactors. 
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3.4.2 Simulation of Column Tests 
The mathematical model described in this section is intended to represent a smear zone of uniformly 
distributed, highly-weathered residual multi-component LNAPL (diesel fuel) (Figure 3-4). The model is 
based on the following assumptions: (1) aqueous phase flow is one-dimensional, (2) LNAPL is immobile, 
(3) LNAPL dissolution into the aqueous phase and oxidation have a negligible effect on the hydraulic 
conductivity, (4) LNAPL is described as a mixture of two pseudocomponents, F2 and F3 PHC, (5) 
oxidation of F2 and F3 PHC follows the kinetics described by Equations (3.4)-(3.6) with the parameter 
values determined from batch treatability tests, (6) sorption of F2 and F3 PHC on the soil may be neglected 
(Appendix C). 
 
Figure 3-4: An idealized oxidant delivery model where the injected oxidant travels an even radius in all 
horizontal directions from the point of injection. Then it ideally oxidizes the dissolved PHCs and promotes 
further dissolution of PHCs from LNAPL. 
 
Assuming a linear relationship between the dissolution rate of LNAPL and the difference between the 
effective solubility of F2 and F3 PHC pseudocomponents and their concentration in the flowing aqueous 
phase (e.g., Frind et al., 1999), the following statements of mass conservation may be written for persulfate, 



































𝐾 𝛼 𝐶 𝐶 k 𝐶 𝐶  (3.6) 
where 𝑣 (cm.day-1) is average linear groundwater velocity, D , D , and D  (cm2.day-1) is the 
hydrodynamic dispersion coefficients for persulfate and F2 and F3 pseudocomponents, respectively.  𝐶  
and 𝐶  (g.L-1) are the solubility limit for F2 and F3, respectively. and 𝐾 𝛼 and  𝐾 𝛼 (day-1) are the 
lumped mass transfer rate coefficients, and k  is the rate coefficient describing the loss of persulfate via 
the first-order reaction with the soil’s natural organic matter (Sra, 2010). The following initial and boundary 
conditions are consistent with the column tests (Table 3-2):  
Table 3-2: Initial and Boundary Conditions 
Periods Initial condition Inlet Boundary condition Outlet Boundary condition 
Injection (I) 
𝐶 𝑥, 0 0 
𝐶 𝑥, 0 𝐶  
𝐶 0, 𝑡 𝐶  
𝜕𝐶
𝜕𝑥




𝐿, 𝑡 0 
𝜕𝐶
𝜕𝑥
𝐿, 𝑡 0 
 
No Flow (II) 
𝐶 𝑥, 0 𝐶  
𝐶 𝑥, 0 0 
𝐶 0, 𝑡 0 
𝜕𝐶
𝜕𝑥
0, 𝑡 0 
Flushing (III) 
𝐶 𝑥, 0 0 
𝐶 𝑥, 0 0 
𝐶 0, 𝑡 0 
𝜕𝐶
𝜕𝑥
0, 𝑡 0 
 
The model defined by Equations (3.4)-(3.6) contains the following fixed parameters.  Parameters describing 
the reaction kinetics (𝛽 , 𝛽 , 𝑘 , 𝑘   , 𝑚 , 𝑚 ,  𝑛 , 𝑎𝑛𝑑 𝑛  were determined a priori from 
groundwater treatability tests – their values are listed in Table 3-3. The rate coefficient k  was taken 
equal to 0.1 day-1 (Sra, 2010). The hydrodynamic dispersion coefficients of persulfate, F2, and F3 were 





𝛼 𝑣 (3.7) 
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where 𝜙 = 0.32 is the column porosity, 𝛼  = 0.22 cm is the column longitudinal dispersivity - both 
determined experimentally - and 𝜏 = 1.5 is an estimate of the tortuosity (Domenico & Schwartz, 1990; 
Perkins & Johnston, 1963) . The modified Sherwood number correlation developed by Powers et al. (1994) 
was used to determine the F2 and F3 lumped mass transfer rate coefficients during period III of Episode 1: 
 








 𝛽 0.518 0.114 ∗
𝑑
𝑑
0.10 ∗ 𝑈  (3.9) 
Here 𝑅𝑒 𝑣𝜌 𝑑 𝜇⁄  is defined in terms of interstitial velocity (𝑣 , 𝑑  (= 0.05 cm) is representative of 
medium to coarse sand grain size (as defined by the United States Department of Agriculture), and 𝜃  is 
the initial volumetric fraction of NAPL retained by porous media. Note that knowledge of 𝜃  is not 
required for determining 𝐾 𝛼 using Equation (3.8) during Episode 1, since 𝜃 𝜃  in that case.  Note also 
that the mathematical model does not include conservation statements for free-phase PHC and, for this 
reason, it does not predict the spatiotemporal evolution of 𝜃 .  Thus, the values of 𝐾 𝛼 for subsequent 
episodes cannot be predicted using Equation (3.8) and are treated as adjustable parameters. This is true also 
for 𝐾 𝛼 during Period II (all Episodes) when 𝑅𝑒 0, and Equation (3.8) does not apply.  In this work, the 
model equations were solved numerically using the method of lines (Schiesser, 1991) in which the 
parabolic partial differential equations (PDEs) are discretized in space, but the time is left continuous. The 
numerical model was developed using a finite difference method. The resulting system is a coupled set of 
ODEs that were solved simultaneously in MATLAB using a low-order implicit method (ode23s). The 
lumped mass transfer rate coefficients were fitted to the experimental effluent concentration data using a 
trial-and-error approach.    
3.5 Results and Discussion 
Kinetic parameters for oxidation reactions of F2 and F3 pseudocomponent were estimated by numerically 
solving the coupled mass balance equations of groundwater treatment systems. These estimated parameters 
were then used to estimate the dissolution coefficient rates for Period II and III by numerically simulating 
the coupled PDE (Equations (3.4)-(3.6)) of the ADDR equations developed for the column tests. 
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3.5.1 Natural Oxidant Demand Studies 
Triplicate data sets were averaged to identify changes in persulfate concentration in the presence of 
unimpacted aquifer soil. The results indicated that the loss of persulfate during 15 days of the experiment 
was between 8 to 32-percent. By day 30, the reactors at concentrations of 5 g.L-1 lost over 70% of their 
persulfate to NOD. However, the loss was at 35% at a concentration of 40 g.L-1 over the same time period. 
Persulfate loss at 40 g.L-1 was 11% in the first 15 days. The reaction of persulfate with NOM is not 
negligible for this soil. A KNOM of 0.1 day-1 was determined for this study.  
3.5.2 Groundwater Treatment Studies 
Figure 3-5 shows normalized F2 and F3 concentration, pH profile, and electrical conductivity over the 
course of the experiment. Each data point is an average of the three replicates. The bars at each data point 
represent the confidence limits computed at 0.95. A mixed-effects Analysis of Variance (ANOVA) model 
was used to compare the treatment systems. The two unactivated persulfate treatments did not differ 
significantly (P = 0.397 for F2 and P = 0.239 for F3) from each other. Analytical data from the CTRL 
showed a decrease in the concentration of F2 (~60%) and F3 (~50%) pseudocomponent. Since persulfate 
was not present in these reactors, the degradation of PHC contaminants in groundwater can be attributed to 
microbial activity. In 40-unactivated reactors, F2 and F3 were reduced by 80- and 67-percent at the end of 
the experiment. However, multiple comparisons of results of 40-unactivated and control reactors over time 
showed insignificant differences in reduction of F2 and F3 (P = 0.112 and 0.083, respectively) between 
these two reactors, confirming that aerobic biodegrading, if applicable, could potentially perform similar to 
40-unactivated persulfate treatment. Moreover, the comparison of the results of F2 in pH control and the 
40-unactivated system was also statistically insignificant (P = 0.090). This can potentially imply that 
alkaline hydrolysis of the F2 at high pH is comparable to the performance of persulfate at 40 g.L-1 for 
degradation of F2 mass. However, this observation is in contraction with Sra's (2010) results that reported 
no evidence of hydrolysis of gasoline range organics (F1 and F2) at pH values of 11 and 13. The F3 
analytical results of pH control showed significant fluctuations during the course of the experiment and did 
not allow to produce a meaningful interpretation of data. The comparisons also revealed that alkaline-
activated reactors were superior in both rate and extent of F2 and F3 mass reduction among all reactors. In 
alkaline-activated reactors, the concentration of F2 and F3 had a drastic decrease (~99%) within the first 3 
days.  Although PHCs' mass reduction results in the chelated-ferrous activated reactors were comparable to 
the ones in the alkaline-activated reactors by the end of the experiment, it took 35 days to achieve 
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statistically insignificant differences in F2 (P = 0.105) and F3 (P = 0.092) concentrations, between these 
two reactors. With the exception of chelated-ferrous activated reactors, in general, groundwater test results 
showed a rapid reaction rate followed by a much slower (or plateau) reaction rate for all the treatment 
systems.  In chelated-ferrous activated reactors, F2 and F3 concentrations were gradually declined for the 
first 35 days (>85%) and then almost plateaued for the subsequent 21 days.  Persulfate reduction was the 
lowest in 80-unactivated among all treatment reactors at 13-percent, followed by 40-unactivated (22%), 
naphthalene (25%), alkaline-activated reactors (30%), and chelated-ferrous activated reactors (40%), 
indicating that enough persulfate was still available in all reactors to the end.
40 
   
Figure 3-5: Temporal aqueous batch reactors results 
showing (a) normalized concentration profile of F2, (b) 
normalized concentration profile of F3, (c) pH profile, (d) 
electrical conductivity, and (e) normalized concentration 




Groundwater experimental data were numerically simulated to determine the best combination of kinetic 
parameters for oxidation of F2 and F3. The estimated parameters for treatment systems are presented in 
Table 3-3. The parameters' temporal changes were assumed negligible. Comparisons between observed 
data and model-simulated aqueous phase concentrations derived from simulating the numerical model are 
presented in Figure 3-6 a-d for each pseudocomponent and persulfate. These figures indicate minor 
differences, especially for the F2 and F3 in alkaline-activated and chelated-ferrous activated systems, 
between simulated and experimental values, that can be attributed to the complex kinetic pathways and 
multiple intermediate conformations during the oxidation process before reaching the final compounds.  
Table 3-3: Estimated Oxidation Kinetic Parameters for F2 & F3 
Fraction Systems β k n m 
F2 
40-unactivated 780 12.5E-2 (g-3.35 L3.35 day-1) 2.3 2.05 
80-unactivated 780 12.5E-2 (g-3.35 L3.35 day-1) 2.3 2.05 
ALK 1200 0.21 (g-2.36 L2.36 day-1) 1.76 1.6 
CA-Fe 4990 4.5 (g-3.29 L3.29 day-1) 2.39 1.9 
F3 
40-unactivated 1530 9.5E-2 (g-4.26 L4.26 day-1) 2.66 2.6 
80-unactivated 1530 9.5E-2 (g-4.26 L4.26 day-1) 2.66 2.6 
ALK 1500 0.1 (g-3.31 L3.31 day-1) 2.01 2.3 





    
Figure 3-6: Comparison of observed and simulated aqueous phase concentrations of F2, F3, and persulfate of 40 g.L-1 in groundwater for (a) 






Figure 3-6 (Cont.): Comparison of observed and simulated aqueous phase concentrations of F2, F3, and persulfate in groundwater for (c) 80-









































3.5.3 Soil Treatment Studies 
Figure 3-7 a and b illustrate the normalized F2 and F3 effluent concentration data from the first collected 
pore volume after the reaction period for each column. In general, the concentrations of 
pseudocomponents in the effluent were significantly reduced compared to their initial values. Since this 
observation was made both in treatment and control columns, it can be concluded that the initial effluents' 
values (prior to commerce injections) contained LNAPL bodies (in addition to dissolved PHCs) that were 
not visible to the naked eyes.  
 
  
Figure 3-7: Normalized analytical results of the 1st pore volume of effluent during column tests for each 
injection episode (a) normalized concentration profile of F2, (b) normalized concentration profile of F3 
Data from treatment column tests were presented as a plot of average aqueous effluent concentration 
(from triplicates tests) versus time in Figure 3-8 for column experiments 40-unactivated and alkaline-
activated persulfate. The figure also shows the simulated results from simulated models with solid lines. 
With no exception, persulfate is depleted during Period II (no flow) in the columns as a result of reactions 
with NOM and PHC. The significant rebound of the PHC concentrations after Episode 1 is evident in the 
results from both unactivated and alkaline-activated persulfate systems, which is due to diffusion-driven 
dissolution of LNAPL in columns sealed in preparation for Episode 2. That this rebound is not observed 
after Episode 3, when a similar opportunity exists for PHC concentrations to build up in the columns, 
similarly suggests a significant reduction of the remaining LNAPL mass and a concomitant reduction in 
LNAPL dissolution rate (Miller et al., 1990; Powers et al., 1994). The mathematical model described by 
Equations (3.4)-(3.6) is seen to provide an adequate description of the effluent concentrations of F2, F3, 








Figure 3-8:  Comparison of observed and simulated effluent concentrations of F2, F3, and persulfate (40 g.L-1) in groundwater for (a) unactivated 
and (b) alkaline-activated



































An independent check on the consistency of the model is afforded by an overall mass balance on the mass 
of PHC fractions F2 and F3.  The total mass of F2 and F3 removed by advection and oxidation after five 
Episodes can be predicted from the model by integration over time, and this mass can be compared to the 
difference between the initial and final mass of F2 and F3 determined experimentally. This comparison, 
shown in Figure 3-9, reveals substantial agreement between simulation and experiment, even though it 
was not used as a calibration target.  Especially, 78% of F2 and 80% of F3 mass initially present was 
removed following treatment alkaline-activated persulfate (compared to simulated results of 78% of F2 
and F3 mass removal). On the contrary, experimental results show that 52% of F2 and 48% of F3 mass 
removal with unactivated persulfate (simulation provided 44% of F2 and 32% of F3 mass removal). The 
model provides an excellent prediction of LNAPL mass removal in the alkaline-activated system, whereas 
LNAPL mass removal in the unactivated system is somewhat underestimated. Overall, the agreement 
between simulation and experiment is quite satisfactory, considering the simplicity of the model. 
 
Figure 3-9: Normalized observed versus simulated PHC F2 and F3 mass remaining in soil columns 
Analytical results of control columns show that 12% of F2 and 29% of F3 original mass was reduced 
from the soil, while in pH control columns, mass reduction of F2 and F3 was 15% and 37%, respectively. 
In both control and pH control columns, the LNAPL mass reduction occurs due to dissolution, advection, 
and potentially some other processes that have not been defined in Equations (3-4)-(3-6). The higher 














compounds hydrolysis reactions at the elevated pH (Sra, 2010). Attempts were made to fit both control 
and pH control systems' experimental data to the theoretical expressions; however, the results do not 
appear to fit the facts very satisfactorily. In the case of the control system, the simulation captured the 
effluent profile of both pseudocomponents well. However, the model grossly underestimated the LNAPL 
mass loss at the end of the experiment. Since these columns were injected with Milli-Q water, aerobic 
bioactivity may be the cause of the LNAPL mass reduction in control columns and observed differences 
between experimental and simulated data. This model was found to be unsuitable for fitting the pH 
control system's data due to the irregular fluctuation of effluent concentrations. 
 
Further insight into LNAPL mass removal is provided in Figure 3-10, which shows that the amount of 
mass removed by oxidation was substantial during Episode 1 but negligible during subsequent episodes.  
PHC cannot be degraded by persulfate at a rate greater than the rate it becomes available in the aqueous 
phase by dissolution.  In turn, the dissolution rates of PHC fractions F2 and F3 are determined by their 
effective solubility in the aqueous phase and the corresponding lumped mass transfer rate coefficient. 
Recall that the effective solubilities 𝐶  and 𝐶  are assumed constant (see Table 3-1) and that the mass 
transfer rate coefficients (𝐾 𝛼  are treated as adjustable parameters in the simulation, with the exception 
of 𝐾 𝛼 during Period III of Episode 1.  As shown in Figure 3-11, the 𝐾 𝛼 values which suffice to describe 
the effluent concentrations (see Figure 3-8) and cumulative LNAPL mass removal (see Figure 3-10) 
decrease monotonically to very small values from Episode 1 to Episode 5. This trend is observed in both 
alkaline-activated and unactivated persulfate systems and is certainly consistent with a reduction of 
LNAPL saturation (see Equation (3.8)). Estimates of the LNAPL saturation (Brost & DeVaull, 2000) 
prior to persulfate injection, after Episode 1, and after all Episodes, summarized in Table 3-4, support this 
interpretation.  Nevertheless, it must be noted that the 𝐾 𝛼 values reported in Figure 3-11are estimated 
using a model that assumes  𝐶  and 𝐶  are constant over time.  Changes in the composition of F2 and 
F3 over time may reasonably be expected to result in the reduction of the effective solubility of PHC 
fractions F2 and F3 over time, which would also be reflected in the model as lower 𝐾 𝛼 values. As shown 
in Table 3-4, LNAPL saturations after Episode 1 and Episode 3 are not greatly different, but significant 
PHC rebound is observed only after Episode 1 (see Figure 3-8).  This observation is consistent with the 
reduction of 𝐶 and 𝐶  are constant over time.  Figure 3-11 also shows that higher 𝐾 𝛼 values are 
realized during treatment with alkaline-activated persulfate.  A possible explanation for this observation is 
increased solubility of PHC resulting from the presence of surfactants.  It is well known that organic acids 
(e.g., carboxylic acid) are potential intermediate products of the oxidation of diesel fuel (Langbehn & 
Steinhart, 1994; Lu, 1994). When exposed to aqueous solutions of high pH, organic acids can form 
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natural surfactants that improve the solubilization of F2 and F3 constituents (deZabala & Radke, 1986; 
Hauswirth et al., 2012).   
 
Table 3-4: Residual LNAPL Saturation in the Soil Columns 
LNAPL    
Initial  
(measured)   
after Episode 1 













F2  0.4%  1.1% 0.2% 0.3% 0.2% 0.3%
F3  0.9%  2.7% 0.6% 1.1% 0.4% 0.6%
Total   1.2%   3.9% 0.8% 1.4% 0.6%  0.8%
 
Generally, KLα values are expected to increase with velocity. However, in alkaline-activated columns, for 
both F2 and F3, KLα values in Period II (no flow/reaction period) of Episode 1 (Figure 3-11b) were 
greater than the KLα values of Period III (flushing period) for the same episode. It is suggested that two 
mechanisms are contributing to this inconsistency. First, as mentioned above, when alkali contacts 
organic acids in the LNAPL, potentially water-soluble and surface-active products can be formed 
(deZabala & Radke, 1986), which would increase the LNAPL dissolution. Second, it has been observed 
that at lower LNAPL saturations (<4%), shorter column retention times outweighed increasing mass 




Figure 3-10: Simulated normalized LNAPL mass change in the soil during each episode of at persulfate 





Figure 3-11: Simulated dissolution rate coefficient during Period II (no flow) and Period III (flushing) 




A simplified continuum model of in situ chemical oxidation (ISCO) of weathered PHC liquid 
contaminants by persulfate is developed and validated against experimental data from a real site 
contaminated by a heavily weathered diesel fuel. Treatment of impacted groundwater with alkaline-
activated (pH ~ 12) and unactivated persulfate in batch reactors was used to calibrate a phenomenological 
model of the oxidation of main PHC fractions.  Treatment of PHC-impacted soil was studied in soil 
columns using a flow interruption method and multiple injections of alkaline-activated and unactivated 
persulfate. An LNAPL mass reduction of ~50% and 80% was achieved in the unactivated and alkaline-
activated systems, respectively. The continuum model, which accounts for non-equilibrium dissolution, 
advective–dispersive transport, and oxidation reactions of persulfate with main PHC fraction (treated as 
pseudo-components) and natural organic matter, adequately describes both LNAPL mass removal and 
effluent concentration data.  Together, experiments and simulations show that LNAPL mass reduction is 
limited by dissolution and that repeated injection of persulfate becomes ineffective. The mathematical 
model integrates site-specific experimental data to link quantitative LNAPL mass removal to soil and 
contaminant properties, thereby enabling the rational design of oxidant injection strategies at field scales 
without having to represent the hundreds of individual PHC components of the contamination.   
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Chapter 4: 
Pilot-Scale Remediation Design and Implementation 
4.1 Overview 
A site-specific action plan was developed to scale up the bench scale research to a pilot scale for a 
demonstration study, where research data and findings in the laboratory were tested and evaluated under 
field conditions. A pilot area was selected at a historical site (Site) with weathered diesel fuel 
contaminated aquifer with the presence of residual source in soil and dissolved phase in groundwater 
(Figure 4-1). A comprehensive monitoring infrastructure was installed. In this unique pilot-scale 
experiment, the selected area was divided into three zones of treatment, control, and a buffer area in 
between them. The unactivated persulfate system or municipal water was introduced into the subsurface 
of the treatment zone at locations/depths of high petroleum hydrocarbons (PHCs) impacts identified with 
laser-induced fluorescence (LIF) equipped with an ultra-violet optical screening tool (UVOST™)  (Ling 
& Chen, 2014) to maximize the opportunity of persulfate to degrade the dissolved F2 and F3 
pseudocomponents. No injection activity was conducted at the buffer zone. The dissolved PHCs mass 
flux was monitored downstream of the pilot area across a transverse fence-line at 60 multilevel sampling 
points pre-and post-injection episodes. The specific goals of this field effort were to (1) evaluate the 
efficiency of the persulfate system in decreasing or eliminating the LNAPL mass flux; (2) Compare 
contaminants' mass changes post – ISCO with numerical simulations in Chapter 3. The design and 
implementation of this field experiment are defined here with a partial discussion of the long-term 





Figure 4-1: Dissolved phase total petroleum hydrocarbon (TPH) within the smear zone at the pilot scale 
area 
4.2 Site Characterization and Field Investigations 
Optimal design and implementation of an ISCO remedy rely heavily on knowledge of site history, current 
conditions, and monitoring of changes in the subsurface as remedial action progresses. A Site-wide 
observational investigation and soil sampling were implemented to obtain a detailed understanding of Site 
lithology, nature and extent of contamination, and transport of contamination. 
4.2.1 Site Background and History  
The Site has a long and complex industrial history (since the early 1900s) with activities that are inferred 
to have high-risk environmental impact related to storing and handling of petroleum hydrocarbons in 
either aboveground storage tanks (ASTs) and underground storage tanks (USTs) at various locations at 
the Site (Figure 4-2). As such, LNAPL releases have occurred from the USTs and ASTs over a long 
period. A laboratory forensic evaluation of the impacted soil, groundwater, and separate phase floating 
petroleum hydrocarbons (at some monitoring locations) inferred the presence of weathered diesel fuel, 
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predominantly F2 and F3. The persistent dissolved PHC concentrations in the groundwater following 
source removal (e.g., USTs and ASTs) indicated the presence of a residual mass within a smear zone 
located in the vicinity of the water table at approximate depths of 6 to 9 meters below ground surface (m 




Figure 4-2: Site layout and location of aboveground storage tanks (ASTs) and underground storage tanks 
(USTs) 
4.2.2 Site Geology and Hydrogeology 
The surficial geology consists of gravel and sand deposits and deltaic silty sand deposits. Subsurface soil 
at the Site predominately consists of granular (sandy) fill to depths of about 0.2 to 1.5 m bgs. Fill material 
was underlain by fine to medium textured native permeable sand interspersed with lenses and layers of 
silty sands and silts and clay (low permeability) to the maximum investigated depths of 12 m bgs. The 
groundwater flow direction is in an (overall) southwesterly direction. This flow direction is not entirely 
consistent with groundwater flow direction at different locations at the Site due to preferential pathways 
associated with the local aquifer heterogeneities. Hydraulic conductivity had been estimated, utilizing 
pumping tests, to be in the range of 1.2 to 1.5 x 10-5 meters per second (m.s-1), and assuming a porosity of 
0.35, an average linear groundwater velocity of 2.0 meters per year (m.yr-1) was estimated. The depth to 
the water table was measured at ~6.7 to 8.6 m bgs  (Golder, 2009). 
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4.2.3 LNAPL Delineation Studies 
The objective of this investigative effort was to delineate the vertical and horizontal extent of LNAPL 
impact by soil screening and sampling, to collect and analyze groundwater from the existing monitoring 
infrastructure at the Site, and to establish a research pilot area. The University of Waterloo's (UW's) 
geoprobe rig (Geoprobe 7720 DT) was used with the macrocore direct push sampling technology.  Drive 
point (DPT) boreholes were established to the required depths, and soil cores were collected. During these 
investigative studies, a total of 25 DPT boreholes were established to a maximum depth of ~9.1 m bgs 
and identified at DPT-1 to DTP-25 throughout the Site, as shown in Figure 4-3. Each borehole was 
advanced to ~0.6 m above the water table, and then an ~1.5 m long soil core was collected. Each soil core 
was opened on Site, screened using a photoionization detector (PID), and then inspected for olfactory and 
visual evidence of source material impacts. Sub-samples were selected from each borehole for potential 
hydraulic or chemical analyses. Sub-samples for chemical analyses were quickly transferred into wide-
mouth sampling jars (500 mL), labeled, and stored in a cooler. At the end of each day, the cooler was 
transported to the UW laboratory, where the contents were stored at 4 oC. After each borehole was 
























DPT-1 9.1 0-1.5 
Fill material, vegetation, dark brown 
topsoil and sand, moist
- - 
DPT-1 9.1 1.5-3.0 Dark brown and light brown sand, moist - - 
DPT-1 9.1 3.0-4.6 Greyish brown sand, trace gravel, moist - 3.5-5.5 
DPT-1 9.1 4.6-6.1 
Dark brown sand, trace gravel, moist to 
wet
PHC like odour - 
DPT-1 9.1 6.1-7.6 Dark brown sand, trace gravel, wet PHC like odour 7.1-7.6 
DPT-1 9.1 7.6-9.1 Black sand, trace gravel, wet PHC like odour - 
DPT-2 7.6 6.1-7.6 Dark brown sand, trace gravel, wet PHC like odour 7.2-7.6 
DPT-3 7.6 6.1-7.6 
Dark brown/black and grey silty sand, 
trace gravel, wet
PHC like odour 7.1-7.6 
DPT-4 7.6 6.1-7.6 
Blackish grey sand, trace gravel, moist to 
wet
PHC like odour 6.2-7.1 
DPT-5 7.6 6.1-7.6 
Brown and blackish-grey sand, trace 
gravel and silt, damp
PHC like odour 7.1-7.6 
DPT-6 7.6 6.1-7.6 
Blackish grey sand, trace gravel, moist to 
wet
PHC like odour 7.3-7.6 
DPT-7 7.6 6.1-7.6 
Blackish grey sand, trace gravel, moist to 
wet
PHC like odour 
6.4-6.6 
7.5-7.6
DPT-8 7.6 6.1-7.6 Brown sand, trace gravel, moist to wet PHC like odour 7.3-7.6 
DPT-9 7.6 6.1-7.6 
Greyish brown sand, trace gravel, moist 
to wet
PHC like odour 7.6 
DPT-10 7.6 6.1-7.6 
Greyish brown sand, trace gravel, moist 
to wet, evidence of oxidation
- - 
DPT-11 9.1 7.6-9.1 Brown sand, trace gravel, moist - - 
DPT-12 9.1 7.6-9.1 
Greyish brown sand, trace gravel, damp 
to moist
- - 
DPT-13 9.1 7.6-9.1 Brown sand, trace gravel, moist - - 
DPT-14 9.1 7.6-9.1 Greyish brown sand, trace gravel, moist - - 
DPT-15 8.2 6.7-8.2 Greyish brown sand, trace gravel, moist PHC like odour - 
DPT-16 8.2 6.7-8.2 Grey sand, trace gravel, sheen, moist PHC like odour 7.9-8.2 
DPT-17 8.2 6.7-8.2 Grey sand, trace gravel, sheen, moist PHC like odour 7.7-8.2 
DPT-18 8.2 6.7-8.2 Greyish brown sand, trace gravel, moist Sweet odour - 
DPT-19 8.8 7.3-8.8 
Greyish brown sand, trace silt, and 
gravel, moist
Sweet odour - 
DPT-20 8.8 7.3-8.8 Grey sand, trace gravel, sheen, moist PHC like odour 8.5-8.8 
DPT-21 8.5 7.0-8.5 Brown sand, trace gravel, sheen, moist PHC like odour 7.6-7.9 
DPT-22 8.5 7.0-8.5 Greyish brown sand, trace gravel, moist PHC like odour - 
DPT-23 8.5 7.0-8.5 Grey sand, trace gravel, moist PHC like odour 7.3-7.6 
DPT-24 8.5 7.0-8.5 Grey sand, trace gravel, moist PHC like odour 7.6-7.9 
DPT-25 8.5 7.0-8.5 Greyish brown sand, trace gravel, moist Sweet odour 7.6-8.1 
Notes:  
-   No impact was observed 
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4.2.4 Pilot-Scale Area Selection 
Based on the field investigations, a pilot-scale area (PSA) of the investigation was selected for further 
detailed investigation and treatment based on the relative degree of soil impacts observed. The selected 
area was a 5 x 10 m rectangular area immediately down-gradient of MW 09-7. For the purpose of 
persulfate based in situ chemical oxidation studies, this area was divided into three zones (Figure 4-4):  
 Control zone (CZ) (4.5 x 5 x 2 m) was used as the experiment control. During the injection 
episodes, municipal water (instead of the persulfate solution) was injected into the subsurface 
throughout this zone; 
 Target treatment zone (TTZ) (4.5 x 5 x 2 m) where the persulfate solution was injected for the 
purpose of PHCs mass destruction; and 
 Buffer zone (BZ) (1x 5 x 2 m) was the zone in between the TTZ and CZ. No injections were 
conducted in this zone. This sub-area was used to mitigate cross-over of persulfate solution to the 
CZ. 
 
Figure 4-4: Schematic view of the pilot scale area 
 
4.2.5 Laser-Induced Fluorescence Survey 
Laser-induced fluorescence (LIF) activities using an ultra-violet optical screening tool (UVOST™) 
module (Ling & Chen, 2014) were performed to verify the PSA observations from the DPT effort and to 
delineate the spatial distribution of subsurface impacts further. To adequately delineate the PSA, a 
combination of adaptive sampling approach (subsequent LIF borehole location was determined based on 
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the data from preceding boreholes) and grid sampling technique was utilized to select LIF probe borehole 
locations. The area was gridded into 1 x 1 m segments. LIF-UVOSTTM technology uses a pulse laser 
coupled with an optical probe to determine the presence and quantitate the amount of LNAPL present in 
the subsurface. The UV light is directed through a sapphire window and absorbed by the LNAPL (present 
in the subsurface soils), causing them to excite fluorescence. The emitted signal response reaching the 
same sapphire window is collected and conveyed to a detection system at the surface through optical 
fibers. The emission data of fluorescence intensity and are normalized to a standard reference emitter. The 
LIF-UVOSTTM results log shows the fluorescence intensity signals (FIS) at the depth they are detected. 
For more information on LIF UVOSTTM technology, please refer to Appendix B. The LIF borehole 
locations were selected to provide spatial representation across PSA. A total of 18 LIF boreholes were 
advanced. The LIF boreholes were advanced to depths of ~12 m bgs through the smear zone. In addition, 
soil cores at the depths corresponding to elevated LIF-UVOSTTM responses were collected. The soil core 
samples were sub-sampled for analysis of F2 and F3 PHCs. LIF borehole locations were plugged and 
abandoned with granulated bentonite chips (Baroid, Holeplug) by filling the borehole from total depth to 
grade.  
4.3 Monitoring Infrastructure Installations 
Monitoring infrastructure was installed at the pilot-scale area to supplement the existing monitoring well 
network and provide the additional horizontal and vertical definition of the groundwater quality 
conditions. A total of 22 multilevels wells and one conventional monitoring well (MWUW 01 ) were 
installed within the pilot-scale area, as shown in Figure 4-5 and Figure 4-6. Each multilevel monitoring 
well within the pilot area consisted of 6 monitoring points to collect depth-discrete groundwater samples 
at 6.1, 6.9, 7.6, 8.4, 9.1, and 10.7 m bgs (Figure 4-7 a).  The multilevel wells were constructed of five 
0.95 cm outer diameter (O.D.) polyethylene tubes surrounding a 0.64 cm polyvinyl chloride (PVC) 
Schedule 80 center stock that was advanced to a depth of 10.7 m bgs. Six of the multilevel monitoring 
wells (ML-13 to ML-18) were used to calculate the radius of influence and injection pressure (Appendix 
F). In addition, two conventional monitoring wells and a 60-point monitoring fence-line were installed at 
the downgradient periphery of the pilot area. The fence line included a multilevel well transect consisting 
of 12 multilevel monitoring wells with 5 sampling points (Figure 4-7 b). The vertical sampling points are 
spaced 1.5 m from 4.6 to 10.7 m bgs. The material used for the downgradient fence line wells was similar 














Figure 4-6: Pictures showing the groundwater monitoring infrastructure (a) multilevel wells within the 
pilot area and (b) downgradient fence line and newly installed conventional monitoring wells 
 
The bottom 20 cm of each tube was perforated and covered with a 200-micron nylon screen. A dedicated 
Teflon tube of 0.5 cm O.D. x 0.08 cm wall thickness was inserted in each tube for sampling purposes.  
Silica sand was placed from the bottom of each multilevel to ~5 cm above the upper sampling port.  
Bentonite chips (Baroid, Holeplug) were placed above the silica sand and extended to the ground surface.  
The risers were sealed using duct tape. Protective steel flush-mount casings were installed over the riser 
tubes and concreted in place. The conventional monitoring wells were constructed using a 3.8 cm 
diameter Schedule 40 PVC casing with pre-pack 20-slot PVC well screens.  
The conventional monitoring wells were advanced to depths of ~8 m bgs and were screened over ~3 m to 
the depth of completion of 11m bgs. Silica sand was placed around and above each screened interval to 
establish a filter pack around the well screen.  A layer of bentonite chips (Baroid, Holeplug) was placed 
above the silica sand and was extended to the ground surface. The risers were sealed at the surface with 
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lockable J-Plug caps. Protective steel stick-up casings were installed over the riser pipes and concreted in 
place.   
  
Figure 4-7:  Schematic diagram of multilevel wells (a) within the pilot area and (b) in the downgradient 
periphery of the pilot area 
4.4 Monitoring and Remedial Efforts 
The monitoring and remedial activities such as well developments, baseline and monitoring well 
samplings, and in situ chemical oxidation using unactivated persulfate were designed and implemented 
over a 2-year timeframe. The ISCO program was designed based on two injection episodes comparable to 
the median number of persulfate delivery events for LNAPL contaminated sites (Krembs, 2008). Injection 
wells are typically used for delivering persulfate into the subsurface. This method allows the use of 
higher-pressure values for injection compared to drive point boreholes but at the same time limits the 
location and depth of persulfate introduction. The most common underlying reason for sub-optimal 
performance and substantial additional cost for ISCO projects appears to be the failure to achieve 
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adequate distribution and contact between the oxidant and contaminants. Coupling of LIF UVOSTTM 
technology with drive point boreholes for injection can potentially minimize the oxidant solution waste 
and optimizes the contact of persulfate and contaminants. In this study, a targeted persulfate delivery was 
utilized using the direct push method to provide the flexibility for injection of persulfate at points of 
impact to potentially provide adequate time and optimal mixing to facilitate the degradation of 
contaminants. The median of persulfate concentration injected at the sites is 160 g.L-1. Apart from the 
high cost and considerable impact on the existing geochemical and biological conditions in an aquifer, the 
persulfate solution at this elevated concentration has a much higher density than the ambient groundwater 
and sinks down (quicker than a solution of 40 g.L-1 persulfate concentration) from the depths that LNAPL 
presence. The density of the persulfate solution at a concentration of 40 g.L-1 is 1027 kg.m-3 and is 
slightly higher than the average ambient groundwater density of 993 kg.m-3 at the Site. 
4.4.1 Monitoring Well Development 
The well development activities were conducted after the installation of the monitoring infrastructure. 
Development activities at the multilevel sampling wells consisted of purging each well (using three units 
of the Geopump™ Peristaltic Pump Series II with easy-load II®) until the discharge water was clear and 
void of soil (~1 L of groundwater was evacuated from each individual sampling point).   
4.4.2  Baseline Groundwater Sampling 
Prior to each oxidant delivery episode, groundwater samples were collected from the monitoring wells to 
establish a baseline. Groundwater samples were collected from all monitoring locations were analyzed for 
F2 and F3, and measurement of field parameters including dissolved oxygen concentration, ORP, EC, 
temperature, and pH. During these events, groundwater samples (including three field duplicates) were 
collected from the monitoring locations (34 multilevel monitoring wells and three conventional 
monitoring wells). No free product was encountered during the groundwater sampling activities. 
Groundwater samples were collected from each well utilizing a low flow (0.2 L.min-1 or less) purge 
sampling technique via the Geopump™ peristaltic pumps. Samples were collected in 40 mL clear glass 
septum vial containers containing 10% sodium azide. Conventional monitoring wells were purged three 
times the standing groundwater volume within the monitoring wells, using WaterraTM tubing and foot 
valves, or until consistent pH and conductivity readings were achieved. The groundwater samples were 
placed in coolers, maintained at ~4°C for transport to the UW laboratory under proper chain of custody. 
Sampling equipment was cleaned before each use by washing with an Alconox-water solution and 
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double-rinsing with potable water. Development, purge, and equipment rinse water was collected and 
stored in 55-gallon drums on Site for proper disposal. 
4.4.3 Injection Activities 
The supporting data from the bench-scale effort was used to select an appropriate persulfate solution and 
oxidant dosage for the design of the pilot-scale activities. The 40-unactivated persulfate solution was 
injected at the Site during both injection episodes. Each delivery event (injection episode) was 
appropriately designed based on the lessons learned from the literature and preceding injection episode. 
The reader is referred to Appendix F for further details. The persulfate solution injection activities 
involved the delivery of persulfate solution to the target treatment depths within the target treatment zone 
(TTZ) and a “clean” water solution using the municipality water to the target treatment depths within the 
CZ (Figure 4-8).  Temporary direct-push boreholes utilizing the UW's Geoprobe were used for solution 
delivery.  A total of 18 temporary boreholes were advanced to ~8 m bgs at the TTZ and CZ within the 
pilot-scale area. In the event of anomalous behavior (e.g., short-circuiting/daylighting) at the planned 
injection rate/location/depth, the injection was temporarily suspended and resumed after 15 minutes.  If 
the difficulties with the injection persisted, the injection parameters (i.e., rate, volume, pressure) or 
injection location were field adjusted, or the injection at the depth was stopped. Sodium persulfate (FMC 
Klozur) was mixed with municipality water in a 500 L mixing polyethylene tank to yield a persulfate 
concentration of 40 g.L-1. The mixing process was completed as many times as necessary per day to 
provide the required volume of reagent solution. A direct-push 0.3-meter stainless steel wire wound 
screened rod (attached to a solid drive tip) was advanced to the target depth, and a prescribed volume of 
persulfate solution was injected at that interval.  The screened rod was then pushed downward to the 
subsequent injection depth.  This process was repeated until injection was completed at each injection 
borehole.  Six of the proposed multilevel wells were used to monitor the spatial distribution of the reagent 
solution during each injection episode.  Based on the data collected from these monitoring locations, the 
injection design parameters were modified accordingly.  The injection pressure was adjusted at some 
injection locations to maintain a flow rate of ~8 L.min-1 for Episode 1; however, some difficulties 
encountered during this delivery event (e.g., daylighting) resulted in not fully injecting the required 
volume at some injection depths. Therefore, the flow rate was increased to 15 L.min-1 for Episode 2. The 
target quantity volume for each injection depth was ~200 L. During injection activities, ~5,200 L of 
persulfate solution were injected at 11 temporary boreholes and 26 depths (based on identified evidence 
of impact) within the TTZ from ~5 to 8 m bgs.  The injection procedure at the CZ was similar to the 
 
65 
procedure described at the TTZ, except that uncontaminated municipal water instead of the persulfate 
solution along with an appropriate amount of sodium chloride to achieve a solution density similar to 
persulfate solution were injected. At the CZ, ~5000 L of the solution was injected at 25 depths in 7 
temporary boreholes. The injection locations are presented in Figure 4-8.  The temporary injection 
boreholes were backfilled to grade with bentonite chips (Baroid, Holeplug). Waste generated during the 
activities, including equipment wash, rinse water, and soil cuttings, were contained in approved 55-gallon 
steel drums and staged on Site until proper off-Site disposal was arranged. 
 
Figure 4-8: A schematic diagram illustrating monitoring well installation and the locations of temporary 
boreholes used for persulfate injections along with the idealized radius of influence 
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4.5 Analytical Results and Discussion  
4.5.1 Groundwater Sampling 
The collected groundwater samples during pre-and post-injection each episode were analyzed for F2 and 
F3 PHCs. The pre-injection field screenings and laboratory analytical data were used as a baseline against 
which the post-injection data were compared. Analytical results for groundwater samples are provided in 
Appendix H, and the interpolated F2 and F3 dissolved plume profiles are shown in Figure 4-9 and Figure 
4-10, respectively.  
Post-injection monitoring of water quality parameters and field screening analyses were completed to 
evaluate the distribution and persistence of the persulfate and the resulting changes in aquifer 
geochemistry. The post-injection results of groundwater EC data and persulfate concentration profile are 
presented in Figure 4-11 and Figure 4-12, respectively. The results show that persulfate was detected at 
the selected monitoring locations ~ 3 weeks after the injection activities.  The samples collected from the 
CZ did not show the presence of persulfate, indicating that persulfate did not migrate into the CZ within 
the 3-week period. The pH values pre-, during, and post-injection activities remained in the neutral range.  
EC values increased by a factor of ~10, from ~1,000 to 10,000 microsiemens per centimeter (µS.cm-1) 
during injection Episode 1, and increased by a factor of ~5, from ~2000 to 10,000 µS.cm-1, during 
injection Episode 2.  In general, the pilot test data indicate that the aqueous mass of F2 and F3 decreased 
following each injection episode; however, both the TTZ and CZ showed a similar decrease. Considering 
the lack of persulfate presence during 3-week monitoring in the post-injection samples collected from the 
CZ, oxidation of F2 and F3 in the CZ area with persulfate seems unlikely.  One potential explanation can 
be that the injection of water caused a displacement of the dissolved phase and perhaps any mobile non-
aqueous phase liquid.  Another potential explanation is that by injecting uncontaminated water into this 
area, oxygen was also supplemented to the subsurface and encouraged microbial activities. Generally, it is 
believed that oxygen is present within the smear zone, and given the age of this contaminated Site (~70 
years), it is expected that aerobic biodegradation had long reached its operational limits. However, the 
latter explanation is in agreement with the results of groundwater treatment tests in control batch reactors 
in the absence of persulfate.
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Figure 4-12:  Detected Persulfate concentration profile at selected monitoring 
4.5.2 Soil Investigation and Sampling 
The results of LIF-UVOSTTM activities are presented in Figure 4-13. As shown, the intensity of the 
LIF signals increased with distance towards the downgradient of the MW09-7 monitoring well. The 
depths4F1 at which the intensified signals were detected were generally within the smear zone (Figure 
4-14). The LIF-UVOSTTM data confirmed the visual observations during the Site characterizations. 
This data was also used to inform the design of ISCO well depths and locations. 
 




Figure 4-13: Borehole locations at the Pilot-Scale Area and detected LIF response at each location 




Figure 4-14: 3D LNAPL plume at the pilot-scale area using LIF-UVOSTTM data 
 
The soil samples were collected and analyzed pre-injection activities, and after completion of 
injection Episode 2 corresponding to nearby LIF elevated response data as presented in Table 4-2. 
Since the places that persulfate can reach during injection are largely unknown, the post-injection soil 
samples were collected from ~0.5 m above to ~0.5 m below the depths that pre-injection core samples 
were collected. The values in the post-injection column are the average of concentrations F2 and F3 
in the soil samples that were collected within the intervals mentioned above. Overall, collected soil 
samples within the TTZ showed a decrease of ~50% in F2 and F3. Samples collected from CZ 
showed overall higher concentrations of F2 and F3 compared to pre-injection samples. Considering 
the heterogeneity in contaminant distributions, this observation is not uncommon in the field. 
However, since an overall 50% decrease in contaminant in soil was observed in TTZ, it can 





Table 4-2: Soil Sample Analysis Corresponding to the LIF Locations 
Area LIF ID 
Depth  
(m bgs) 
 Pre-Injection  Post-Injection 
 F2 (ppb) F3 (ppb)  F2 (ppb) F3 (ppb) 
TTZ 
LIF-001 7.6-9.1  924.4 2641.8  610.6 1654.8 
LIF-003 6.7-8.2  2899.5 6288.8  154.4 336.1 
LIF-005 7.6-9.1  700.1 1612.7  1080 2606.8 
LIF-006 6.7-8.2  1884.5 4338.9  1969.6 4354.0 
LIF-002 6.7-8.2  1490.1 3409.0  683.3 2087.5 
Buffer 
LIF-004 6.4-7.9  3926.8 9085.1  ND 13.7 
LIF-010 6-7.6  ND 75.2  ND 29.2 
CZ 
LIF-009 5.4-7  71.1 589.7  739.0 3167.3 
LIF-015 6-7.6  1175.8 2542.8  1636.6 3743.3 
 
4.6 Summary 
Feasibility and effectiveness of persulfate for remediation of LNAPLs were evaluated at a pilot-scale 
area impacted with weathered diesel fuel. Two injection episode was conducted at this area. 
Persulfate solution (at a concentration of 40 g.L-1) was delivered into the subsurface at the treatment 
zone of this area, while clean water was injected at the control zone. Persulfate was persisted in 
groundwater for three weeks post-injection activities. Even though persulfate was never detected in 
groundwater collected from the control zone, the decrease in the concentration of F2 and F3 in the 
aqueous phase was comparable and is consistent with soil column studies. The concentration of 
pseudocomponents decreased in both control and treatment columns' effluents.  One likely 
explanation for this observation at the field is dilution and displacement of dissolved phase from the 
area during injection activities. Additional oxygen is also supplemented into the subsurface during 
injection activities that can result in increased bioactivity and biodegradation of the 
pseudocomponents. Groundwater has access to oxygen through the unsaturated zone, and it is 
expected that aerobic biodegradation reaches its limits after several decades. However, the latter 
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explanation is consistent with the results of groundwater treatment tests in control batch reactors in 
the absence of persulfate. Overall, collected soil samples within the treatment zone showed a decrease 
of ~50% in F2 and F3. Soil samples collected from the control zone showed higher concentrations of 
F2 and F3 compared to pre-injection samples that can be explained by heterogeneity in contaminant 
distributions in the subsurface.  
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Chapter 5:  
Closure 
5.1 Conclusion 
The purpose of this research was to develop a combined experimental and numerical simulation 
approach for the investigation of in situ chemical oxidation of multicomponent weathered LNAPL in 
the subsurface. The bench-scale experiments were focused on contaminated groundwater and soil in 
settings that closely resemble a contaminated aquifer. The model developed here to recreate the 
experimental data simulates groundwater flow, complex chemical oxidation, and advective-dispersive 
transport of NAPL fractions rather than specific hydrocarbon species. Pseudocomponents were 
introduced based on carbon number range for the analytical and numerical treatment of the weathered 
source; these were associated with effective physical and chemical parameters such as diffusion 
coefficient and reaction rates. The numerical model relied on the aqueous treatability studies to 
estimate critical kinetic parameters needed to simulate the transport and oxidation of weathered 
LNAPL. It becomes apparent from aqueous treatability data that the oxidation reactions do not follow 
a first- or second-order reaction pattern and suggesting that the overall process may follow complex 
kinetics, most likely involving intermediate products. The coupled aqueous phase oxidation equations 
were solved numerically, and complex kinetic parameters were obtained for the pseudocomponents. 
These parameters appear suitable for application in the simulation of soil column studies. The 
numerical model was able to reproduce the laboratory results of column effluent for each injection 
event and predict the persulfate efficiency for LNAPL mass removal in soil columns with a 
reasonable agreement for both unactivated and alkaline-activated persulfate systems. This numerical 
model is the first to incorporate a phenomenological description of LNAPL oxidation using 
pseudocomponents as proxies for components, simulates the simultaneous reactive transport, and 
reproduces such a wide range of experimental data. By using a minimum number of empirical 
relations and by keeping the equations in the numerical model relatively simple, a powerful and 
flexible tool has been developed that can be readily adapted to investigate persulfate-based in situ 
chemical oxidations of LNAPLs for various remedial design and oxidant delivery scenarios. 
Chapter 4 introduced a detailed pilot-scale persulfate ISCO operation at a contaminated field Site, 
testing the viability of in situ persulfate ISCO. This experiment yielded insight into the effectiveness 
of persulfate as an oxidizing agent, with evidence supporting the approximate observation of 50% 
reduction of source mass eight months after oxidation in the treatment zone. The results from the 
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treatment zone were consistent with the results obtained from the unactivated persulfate treatment 
columns. However, analytical data from the control columns show that overall source mass was 
decreased by ~ 30%, while no change was observed in the control zone at the pilot-scale area. The 
soil in columns was exposed to oxygen both during packing and with each injection episode. This 
exposure likely initiated biodegradation activities in column studies and resulted in the LNAPL mass 
reduction. Although the residual LNAPL blobs are within the smear zone, they are likely trapped 
within soil pores with no access to oxygen.  
5.2 Recommendations 
While this investigation achieved its objectives of offering a practical simulation tool that can assist 
with remedial design and design optimization, this work can be expanded in several directions. This 
modeling framework may, for instance, be extended to multiple dimensions in order to replicate the 
results of the in situ field test of Chapter 4. In the current simulations, the aqueous phase and LNAPL 
movements were entirely governed by dissolution and reactive advective-dispersive in one 
dimension, and they cannot consider scenarios such as movement due to fluid density gradients. A 
multidimensional model could capture additional key processes involved in "real-world" in situ 
chemical oxidation and provide better predictions.  
The model developed in Chapter 3 provided a satisfactory agreement between experimental data and 
simulated results in treatment columns. It also simulated the column effluent data in control columns 
with a good accuracy. However, it significantly underestimated the LNAPL removal in soil control 
columns. The contaminated soil was collected from the smear zone of a several-decades-old impacted 
site. Generally, it is assumed that oxygen can reach a smear zone. Besides, it was assumed that the 
natural attenuation, including bioactivity, has reached its limits considering the age of the 
contaminations. However, it appears the injection of water (in the case of control columns) provided 
oxygen to the previously inaccessible areas of the subsurface and may have resumed some bioactivity 
that may have resulted in LNAPL mass reduction. Additional work investigating the increased 
bioactivity by injection of clean water into the smear zone is required. In addition, the model 
formulation can be enhanced to accommodate bioactivity in the simulated equations. 
Due to LNAPL concentration fluctuations in the pH control column effluent, the experimental results 
from this system were not used in simulation studies. These columns were injected with the Milli-Q 
water at an elevated pH of ~12. This system is similar to the alkaline flooding technique utilized in 
the petroleum industry for enhanced oil recovery. The alkaline chemical reacts with certain oils, 
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forming surfactants inside the reservoir (Speight, 2009). These reactions can justify the higher 
LNAPL mass reduction in this system than in the control system, where the Milli-Q at a neutral pH 
range was injected. However, there is no evidence-based explanation for the observed fluctuations in 
the effluent concentration data. Therefore, further experimental research is required to provide 
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Petroleum Hydrocarbon Analysis 
Soil and water analytical analysis of fraction 2 (C10 to C16) and 3 (C16 to C34) of PHCs were generally 
conducted in accordance with applicable sections of the Canadian Council of Ministers of the Environment 
(CCME) method “Reference Method for the Canada-Wide Standard for Petroleum Hydrocarbons (CWS-
PHC) in Soil – Tier 1 Method” (MOE Method DECPH-E3421/CCME). However, the following 
modifications to the above-referenced method were employed 5F1: 
Groundwater collection and sample handling:  
 In the field: 40 mL glass vials were prepared by adding sodium azide as a preservative (0.4ml of a 
10% W/V solution) prior to field activities. Groundwater samples were collected in prepared glass 
vials with no headspace and immediately capped with Teflon® lined screw caps. Samples were 
stored at 4°C in coolers before submission to Water and Soil Remediation Laboratory at the 
University of Waterloo. 
 In the laboratory: groundwater samples were equilibrated to room temperature before extraction. A 
5 mL of sample was discarded using a glass/stainless syringe to allow for the addition of 2 mL of 
methylene chloride for solvent extraction purposes. The vial was quickly resealed and agitated on 
its side at 350 rpm on a platform shaker for 20 min. After shaking, the vial was inverted, and the 
phases were allowed to separate for 30 min. Approximately 1.0 ml of the dichloromethane phase 
was removed from the inverted vial with a gas-tight glass syringe through the Teflon® septum. The 
solvent was placed in a Teflon® crimp sealed autosampler vial for injection into the gas 
chromatograph. 
Soil collection and sample handling:  
 In the field: 1.5 m long soil cores were collected at designated locations and depths. Each soil core 
was opened on Site, screened using a photoionization detector (PID), and then inspected for 
olfactory and visual evidence of source material impacts. Sub-samples were selected from each 
 
1 Appendix A is adopted from a document provided by Ms. Shirley Chatten. The version provided in this 
section may have some editorial differences with the document prepared by Ms. Chattan. The laboratory 
analytical method has been modified and described by Ms. Shirley Chatten, e-mail: schatten@uwaterloo.ca 
phone: ext. 36370 
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core/borehole for chemical analyses. Sub-samples were quickly transferred into wide-mouth 
sampling glass jars (500 mL), labeled, and stored in a cooler at 4 oC.  At the end of each day, the 
cooler was transported to the Water and Soil Remediation Laboratory at the University of 
Waterloo.  
 In the laboratory: Approximately 10 g of soil (jars) was collected in the pre-weighed Teflon® screw 
cap vials (40ml) containing 20ml of methylene chloride (containing internal standard meta-
fluorotoluene (MFT) and fluorobiphenyl (FBP)) and were placed on an automatic shaker for 18 
hours. Then, samples were allowed to settle, and 1 ml of methylene chloride phase was transferred 
to a 2ml autosampler vial and crimp sealed with a Teflon® cap.  
 
Sample Analysis: 
All prepared samples with solvent were analyzed with an HP 5890 capillary gas chromatograph equipped 
with an HP7673A autosampler and a flame ionization detector. 3 µL of solvent phase (methylene chloride) 
was injected in splitless mode (purge on 0.5 min, purge off 10.0 min) onto a 0.25mm x 30M length, DB1 
capillary column with a stationary phase film thickness of 0.25µm. Helium column flow rate was 1ml/min 
with a make-up gas flow rate of 30ml/min. Injection temperature was 275oC, detector temperature was 325 
oC, and initial column oven temperature was 35 oC held for 0.5 min, then ramped at 15 oC /min to a final 
temperature of 300oC and held for 2 min. chromatographic run time was 40 minutes. Data integration was 
completed with an SRI Model 302 Peak Simple chromatography data system. F2 fraction included 
integration of all area counts beginning just after the end of the decane (nC10) peak to the apex of the nC16 
peak, excluding the area of the internal standard fluorobiphenyl (FBP). F3 included the integration of all 
area counts from the apex of the nC16 peak to the apex of the nC34 peak. The average response factor for 
nC16 and nC34 was used for the calibration of these two ranges. Calibrations were made in standard 
internal mode, and standards were run in triplicate at five (or more) different concentrations, covering the 
expected sample range. Standards were prepared for groundwater by spiking the water with concentrated 
methanolic and/or toluene stock standards (purchased and certified from Ultra Scientific Analytical 
Solutions). For soil samples, calibration standards were prepared by spiking quantities of certified 
methanolic stock into autosampler vials containing 1ml of methylene chloride (with FBP). Similar 
procedures as described above were followed for extraction and analysis of the standards. A multiple-point 
linear regression was performed to determine the linearity and slope of the calibration curve.  Extraction 
duplicates (or triplicates) were performed on samples, and results were acceptable when they agreed within 
10%. Matrix spikes were performed when necessary by spiking a known amount of midrange standard into 
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a duplicate field sample and then calculating the amount recovered after extraction. Method Detection 




1. Canadian Council of Ministers of the Environment (CCME) method “Reference Method for the 
Canada-wide Standard for Petroleum Hydrocarbons (CWS-PHC) in Soil – Tier 1 Method” (MOE 
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Appendix B: 
Natural Oxidant Demand Experimental 
Uncontaminated materials from the Site were incubated at 80oC in an incubator (Gallenkamp, 1H-
100) and weighted daily until three consecutive weights vary no more than 0.5% calculated as a 
percentage change from the original weight. The oven-dried soil was sieved to obtain a uniform grade 
(from 250µm to 2mm) and to remove foreign constituents such as roots and stones. The NOI tests 
were only conducted for unactivated persulfate in batch reactors over a period of 30 days. 
Fisherbrand™ clear straight-sided glass 125 mL jars with white polypropylene caps were used for 
this experiment. Four tests were conducted at 50 grams of soil with varying initial persulfate 
concentrations of 5, 20, 30, and 40 g.L-1 as described in Table B-1. Additional two tests were 
conducted at an initial persulfate concentration of 30 g.L-1 while 40 and 75 grams of soil were used. 
Four control tests were run in parallel at 5, 20, 30, and 40 g.L-1 of initial persulfate in the absence of 
soil. Chemicals and solutions were used and prepared as described in Chapter 2. Reactors were 
shaken daily by hand (on sampling days after collection of samples) and stored in the dark at an 
ambient temperature of ~20 oC. Aliquots of the supernatant were collected from each reactor on days 
0, 1, 4, 7, 15, and 29 and analyzed for persulfate concentration utilizing Huang et al. (2002) 
spectroscopic method. All tests were conducted in triplicates, and each data point in Figure B-1 is an 
average of three independent measurements.  
 
Table B- 1: Natural oxidant demand test design 
Test ID Persulfate (g.L-1) Soil (g) solution (mL) Persulfate (g) gpersulfate/kgsoil 
NOI-1 5 50 50 0.25 5 
NOI-2 20 50 50 1.00 20 
NOI-3 30 50 50 1.50 30 
NOI-4 40 50 50 2.00 40 
NOI-5 30 75 50 1.50 20 
NOI-6 30 40 67 2.01 50 
CTRL-1 5 0 50 0.25 NA 
CTRL-2 20 0 50 1.00 NA 
CTRL-3 30 0 50 1.50 NA 





Figure B-1: Persulfate profile during NOD tests
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Appendix C: 
LNAPL Sorbed Contribution to Dissolved Phase 
Investigation focus on dissolved phase in the presence of contaminated porous media should account 
for the residual and sorbed phases. The LNAPL mass that is partition onto nonpolar aquifer NOM is 
considered sorbed phase. As the dissolved phase concentration decreases, there is a net flux of 
LNAPL mass from sorbed phase to the aqueous phase. The mass of LNAPL sorbed is generally 
estimated by assuming equilibrium between concentrations reside on NOM and dissolved phase. This 






In the above equation, 𝐶  solute concentration in sorbed phase, 𝐶  solute concentration in the 
aqueous phase, and 𝐾  is the partitioning coefficient and is estimated fraction of (natural) organic 
carbon in porous media (𝑓 ) and the LNAPL organic carbon partitioning (𝐾 ) using Equation (C.2): 
 𝐾 𝑓 ∗ 𝐾  (C.2) 
Mackay (1991) has provided an equation to calculate LNAPL organic carbon partitioning (𝐾 ) based 
on more readily available parameters such as octanol-water partitioning coefficient (K ) that is 
available for common organic compounds: 
 𝐾 𝑓 ∗ 0.41 ∗ 𝐾  (C.3) 
The 𝑓  is a function of soil type and depth and, generally, considered to be ~ 60% of the total soil 
NOM, and it decreases with depth (Gustafson et al., 1997). Sandy soil has less than 1% NOM 
(Gustafson et al., 1997). If a soil column in this study is considered, it can be said that the soil in the 
column is ~0.131𝑘𝑔 with a porosity value of 0.32. The analytical results indicated that LNAPL mass 
in soil for pseudocomponent F2 and F3 is 2.17x10-1 and 6.12x10-1 grams, respectively. After the soil 
column was water-saturated and equilibrium was achieved, the mass of F2 and F3 in the aqueous 
phase was calculated as 3.07x10-4 and 3.56x10-4 grams, respectively. To estimate the sorption 
capacity (grams) in the soil for the two pseudocomponents, a 0.5% soil organic matter and estimated 
log 𝐾  values of 3.4 and 4.1 for pseudocomponent F2 and F3, respectively, were considered 
(Gustafson et al., 1997). The maximum sorbed F2 and F3 values of soil in the column can 3.52x10-3 
and 2.05x10-2 grams, respectively. As shown, the analyzed mass of each pseudocomponent in the soil 
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is one or two orders of magnitude higher than its mass in dissolved and sorbed phases combined. 






LIF-UVOSTTM Tool Description 
LIF system is a useful tool that can be used for real-time, high-resolution mapping of NAPLs such as 
petroleum hydrocarbons. The system consists of a light source (laser), fiber optics strung through the 
rod string, optical detection, and a computer for processing data. A direct push system is used to push 
the probe containing the sapphire window into the subsurface ground at a rate of about 2 cm/sec, with 
a measurement obtained approximately every 0.05 foot (ITRCWEB, 2021; ASTM, 2010). A fiber-
optic cable transmits backs the pulsed laser light to the window, where the light exits the probe and 
illuminates the adjacent soils and sediments and NAPL if present (see Figure D.1 and D-2) 
(ITRCWEB, 2021). The results are presented on a display in real-time in the form of fluorescence 
intensity signal (FIS) versus depth log, as presented in Figure D-3. 
 
Figure D-1: Equipment for application of LIF-UVOSTTM at the Site (a) direct push system, (b) 
computer receiving data and processing, and (c) the display for real-time observation of result
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Figure D-2: Illustration of LIF-UVOSTTM coupled with direct push system (with modifications and permission from Dakota Technology) 
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LIF-UVOST™ profiling was conducted to verify the observations from the DPT effort and to 
determine the spatial distribution of subsurface impacts. To adequately delineate the pilot-scale area, 
a combination of adaptive sampling approaches (subsequent LIF borehole location was determined 
based on the data from preceding boreholes) and a grid sampling technique was utilized to select LIF 
probe borehole locations. Each PSA was gridded into 1 x 1 m segments. The LIF borehole locations 
were selected to provide spatial representation across each PSA. A total of 18 LIF boreholes were 
advanced by Vertex Environmental Inc. (Vertex). The LIF boreholes were advanced to depths of 
~12.2 m (40 ft) bgs through the smear zone. Vertex equipped the UW’s Geoprobe with a UVOSTTM 
system. LIF borehole locations were plugged and abandoned with granulated bentonite chips (Baroid, 
Holeplug) by filling the borehole from total depth to grade. LIF-UVOSTTM technology uses a pulse 
laser coupled with an optical probe to determine the presence and quantitate the amount of NAPL 
PHCs present in the subsurface. The UV light is directed through a sapphire window and absorbed by 
the PHCs (present in the subsurface sediments), causing them to excite fluorescence. The emitted 
signal response reaching the same sapphire window is collected and conveyed to a detection system at 
the surface through optical fibers. The emission data are the product of fluorescence intensity 
normalized to a standard reference emitter (RE). This data was continuously recorded at a 2.54 cm (1 
inch)/second vertical resolution as the probe was driven into the subsurface. In grid locations that 
refusal was encountered, the optical probe was advanced in the neighborhood of the grid locations 
where favorable subsurface conditions were present. With the exception of LIF-026, which is located 
~1.25 m up-gradient of MW 09-7 (used to establish a background LIF response), all LIF borehole 
locations were advanced down-gradient of MW 09-7 within the pilot-scale area. The LIF results are 























































































ISCO Injection Design Calculations 
The injection was designed to achieve a radius of influence (ROI) of 1.1 (m) during the injection. The low-
pressure was considered, where possible, to increase the potential for the persulfate solution to mix with 
contaminated groundwater and to minimize subsurface disturbance, and mitigate daylighting or short-
circuiting of remedial fluids. The maximum injection pressure was estimated using the below equation: 
 𝑃 𝜌 ∗ 𝑔 ∗ ℎ 𝜌 ∗ 𝑔 ∗ ℎ 𝜌 ∗ 𝑔 ∗ ℎ  (F.1)  
where Pmax is maximum allowable injection pressure, ρ , ρ ,  and ρ  are the density of dry soil, 
density of saturated soil, the density of groundwater, respectively. h  and h  are the thickness of the 
vadose zone and saturated zone, respectively, and g is the gravitational acceleration. It is recommended to 
apply a 20 to 40 % safety factor to maximum allowable injection pressure to ensure the injection pressure 
does not cause formation damage. Preliminary ROI testing with tracer was conducted to confirm (Figure F-
1) injection spacing and to determine proper injection rate. The design injection pressure was calculated as 
follows: 
𝜑 (porosity)=0.32, ρsand = 2.65 g/cm3 
Thickness of saturated zone = 300 cm, Thickness of vadose zone = 800 cm 
within saturation zone Sr=1 ρsat= ρsand.(1- 𝜑)+ ρw 𝜑 Sr=2.07 g/cm3 
within the vadose zone (dry): Sr=0 ρdry= ρsand .(1- 𝜑)+ ρwater . 𝜑 Sr= 1.7 g/cm3 
Pmax= ρdry.g.hd+ ρsat.g.hsat - ρwater.g.hsat = (1.7*980*10*100+2.07*3*100*980)-1*3*980*100 













Hydraulic Conductivity Measurements 
The primary objective of this laboratory study was to provide some insight on vertical hydraulic 
conductivity, pilot-scale area and to determine whether the higher hydraulic conductivity layer(s) consisted 
of higher NAPL mass than the lower hydraulic conductivity layer(s). For this purpose, the hydraulic 
conductivity of some selected pre-treatment cores collected at the pilot scale area was examined. 
The soil core was subsampled at every 10 inches. An adjustment to the length of sampling frequency was 
made if a change in stratum was observed and could not be captured by the sampling interval. Samples were 
collected to be used for both hydraulic conductivity evaluation and PHC analysis. The hydraulic conductivity 
of the core sample was determined using by falling head permeameter apparatus, which was equipped with a 
manometer. For this purpose, the sample was air or oven-dried before being loaded into the permeameter cell. 
Carbon dioxide was injected through the sample to displace the oxygen in soil pores. Saturation of the soil 
was initiated by pumping (de-aired) water through the bottom of the permeameter cell until the water was 
raised to a selected height in the manometer. The time required for the water level to fall a set distance in the 
manometer tube was recorded. The hydraulic conductivity estimate was determined using the following 








where 𝑎 is the cross-sectional area of the manometer, L is the sample thickness, A is the cross-sectional area 
of the sample tube, t is the average time of three trials, H0 is the total head at the start of the test, and H1 is 
the total head at the end of the test. An example of vertical hydraulic conductivity and total petroleum 
hydrocarbon concentration profile with depth is provided in Figure G-1.  
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Figure G-1: Example of vertical hydraulic conductivity and total petroleum hydrocarbon concentration 
profile for a section of the contaminated aquifer  
 
Appendix H:
Groundwater Analytical Results Pre- and Post- Injection Activities
F2 (ppb) F3  (ppb) F2 (ppb) F3  (ppb) F2 (ppb) F3  (ppb)
nC10-nC16 nC16-nC34 nC10-nC16 nC16-nC34 nC10-nC16 nC16-nC34
ML 01 7.6 565.9 2023.5 ND 81.5 ND ND
ML 01 9.1 522.7 1923.2 ND 32.4 ND ND
ML 01 10.7 8.3 0.0 ND ND ND ND
ML 02 7.6 848.6 2749.7 ND 87.2 ND ND
ML 02 9.1 0.0 0.0 ND ND ND ND
ML 02 10.7 0.0 0.0 ND ND ND ND
ML 03 7.6 669.9 2671.1 180.9 1264.4 231.0 617.0
ML 03 9.1 0.0 0.0 ND ND ND ND
ML 03 10.7 - - ND ND ND ND
ML 04 7.6 528.3 1248.4 851.9 7387.1 280.0 1115.3
ML 04 9.1 0.0 0.0 ND 76.3 ND ND
ML 04 10.7 0.0 0.0 ND ND ND ND
ML 05 7.6 687.6 1216.6 587.5 1834.8 379.0 795.1
ML 05 9.1 0.0 0.0 ND 55.5 ND ND
ML 05 10.7 0.0 0.0 ND ND ND ND
ML 06 7.6 702.0 2022.7 1414.9 3739.5 1414.9 3739.5
ML 06 9.1 0.0 0.0 ND 39.0 ND 39.0
ML 06 10.7 0.0 0.0 ND 47.9 ND 47.9
ML 07 7.6 460.3 1076.1 824.8 2614.4 206.5 877.7
ML 07 9.1 0.0 0.0 ND 111.0 ND ND
ML 07 10.7 0.0 0.0 ND ND - -
ML 08 7.6 502.4 1412.3 334.0 699.8 ND 502.9
ML 08 9.1 0.0 0.0 37.4 140.2 ND ND
ML 08 10.7 0.0 0.0 ND ND ND ND
ML 09 7.6 554.3 1058.4 - - 2916.3 8579.1
ML 09 9.1 0.0 0.0 32.4 256.1 - -
ML 09 10.7 0.0 15.7 ND ND ND ND
Notes:
m bgs- meter below ground surface
DUP  field duplicate samples
ML- multi-level monitoring wells
MWUW- conventional monitoring wells
NC- not completed at the time of sampling
ND- not detected = < method detection limit (MDL)
ppb- parts per billion
nC- carbon number
Well ID Depth (m bgs)
Pre-Injection ~4 months Post Injection 1 ~8 months Post Injection 2
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Groundwater Analytical Results Pre- and Post- Injection Activities (Cont.)
F2 (ppb) F3  (ppb) F2 (ppb) F3  (ppb) F2 (ppb) F3  (ppb)
nC10-nC16 nC16-nC34 nC10-nC16 nC16-nC34 nC10-nC16 nC16-nC34
Well ID Depth (m bgs)
Pre-Injection ~4 months Post Injection 1 ~8 months Post Injection 2
ML 10 7.6 541.3 1833.0 312.3 1948.0 ND ND
ML 10 9.1 0.0 0.0 ND 230.8 ND ND
ML 10 10.7 0.0 4.0 ND ND ND ND
ML 11 7.6 464.7 1675.6 222.4 1540.1 422.4 674.8
ML 11 9.1 0.0 0.0 30.7 332.6 ND ND
ML 11 10.7 0.0 0.0 ND ND ND ND
ML 11-DUP 10.7 0.0 0.0 - - - -
ML 12 7.6 311.4 1295.7 68.7 553.8 ND ND
ML 12 9.1 0.0 0.0 28.2 246.8 ND ND
ML 12 10.7 0.0 0.0 ND 37.6 ND ND
ML 13 7.6 NC NC 439.3 6116.6 439.3 6116.6
ML 13 8.4 NC NC ND 109.3 ND 109.3
ML 13 9.1 NC NC ND 293.7 ND 293.7
ML 13 10.7 NC NC ND 50.4 ND 50.4
ML 14 7.6 NC NC 618.7 5952.1 ND 1198.1
ML 14 8.4 NC NC ND 247.9 ND 553.5
ML 14 9.1 NC NC ND 290.2 ND ND
ML 14 10.7 NC NC ND ND ND ND
ML 15 7.6 NC NC 613.8 2690.4 154.2 1497.7
ML 15 8.4 NC NC 46.5 240.9 76.3 1051.3
ML 15 9.1 NC NC 38.1 302.4 ND ND
ML 15 10.7 NC NC ND 44.2 ND ND
ML 15-DUP 10.7 NC NC - - - -
ML 16 7.6 NC NC 384.7 2544.0 ND ND
ML 16-DUP 7.6 NC NC - - - -
ML 16 8.4 NC NC ND 255.2 ND 167.4
ML 16 9.1 NC NC 33.5 518.4 ND ND
ML 16 10.7 NC NC ND ND ND ND
Notes:
m bgs- meter below ground surface
DUP  field duplicate samples
ML- multi-level monitoring wells
MWUW- conventional monitoring wells
NC- not completed at the time of sampling
ND- not detected = < method detection limit (MDL)
ppb- parts per billion
nC- carbon number
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Groundwater Analytical Results Pre- and Post- Injection Activities (Cont.)
F2 (ppb) F3  (ppb) F2 (ppb) F3  (ppb) F2 (ppb) F3  (ppb)
nC10-nC16 nC16-nC34 nC10-nC16 nC16-nC34 nC10-nC16 nC16-nC34
Well ID Depth (m bgs)
Pre-Injection ~4 months Post Injection 1 ~8 months Post Injection 2
ML 17 7.6 NC NC 151.0 1746.0 ND 483.1
ML 17 8.4 NC NC ND 146.5 97.4 1082.4
ML 17 9.1 NC NC ND 277.3 ND 140.3
ML 17 10.7 NC NC ND ND ND ND
ML 18 7.6 NC NC 136.8 1788.1 ND 527.8
ML 18 8.4 NC NC 23.9 332.8 ND 444.8
ML 18 9.1 NC NC 40.9 383.8 ND 163.0
ML 18 10.7 NC NC ND 43.6 ND ND
ML 19 7.6 NC NC - - ND 211.4
ML 19 8.4 NC NC 35.2 300.2 100.6 699.2
ML 19 9.1 NC NC 23.7 679.6 ND ND
ML 19 10.7 NC NC - - ND ND
ML 20 7.6 NC NC 156.0 2878.8 ND 261.9
ML 20 8.4 NC NC - - 332.2 970.2
ML 20 9.1 NC NC ND 158.3 ND ND
ML 20 10.7 NC NC ND ND ND ND
ML 21 7.6 NC NC ND 2376.0 ND 342.9
ML 21 8.4 NC NC ND 292.5 394.1 5476.2
ML 21 9.1 NC NC ND 275.0 ND 613.9
ML 21 10.7 NC NC ND 649.2 ND ND
ML 22 7.6 NC NC 427.5 4385.7 ND 1447.1
ML 22 8.4 NC NC ND 246.2 ND 541.2
ML 22 9.1 NC NC 45.1 186.9 ND 284.8
ML 22 10.7 NC NC ND ND ND ND
ML 23 7.6 NC NC 168.7 9774.2 ND 1752.0
ML 23 8.4 NC NC 96.0 1960.4 ND 954.4
ML 23 9.1 NC NC 164.6 506.2 ND ND
ML 23-DUP 9.1 NC NC - - - -
ML 23 10.7 NC NC ND ND ND ND
Notes:
m bgs- meter below ground surface
DUP  field duplicate samples
ML- multi-level monitoring wells
MWUW- conventional monitoring wells
NC- not completed at the time of sampling
ND- not detected = < method detection limit (MDL)
ppb- parts per billion
nC- carbon number
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Groundwater Analytical Results Pre- and Post- Injection Activities (Cont.)
F2 (ppb) F3  (ppb) F2 (ppb) F3  (ppb) F2 (ppb) F3  (ppb)
nC10-nC16 nC16-nC34 nC10-nC16 nC16-nC34 nC10-nC16 nC16-nC34
Well ID Depth (m bgs)
Pre-Injection ~4 months Post Injection 1 ~8 months Post Injection 2
ML 24 7.6 NC NC 54.7 1364.5 ND 1191.4
ML 24 8.4 NC NC ND 445.4 ND 621.0
ML 24 9.1 NC NC 89.4 406.6 ND ND
ML 24-DUP 9.1 NC NC 53.5 374.0 - -
ML 24 10.7 NC NC ND ND ND ND
ML 25 7.6 NC NC 76.3 757.4 ND ND
ML 25 8.4 NC NC ND 118.4 ND 281.2
ML 25 9.1 NC NC 120.5 588.2 ND 391.2
ML 25 10.7 NC NC ND 34.2 ND ND
ML 26 7.6 NC NC 107.1 1455.5 ND 568.0
ML 26 8.4 NC NC ND 298.7 ND 773.3
ML 26 9.1 NC NC ND 312.6 ND ND
ML 26 10.7 NC NC ND 99.3 ND ND
ML 27 7.6 NC NC 81.3 1013.4 ND 672.4
ML 27 8.4 NC NC 58.1 869.2 ND 317.7
ML 27 9.1 NC NC ND 241.4 ND ND
ML 27 10.7 NC NC ND 60.0 ND ND
ML 28 7.6 NC NC ND 393.7 ND 450.9
ML 28 8.4 NC NC ND 312.6 ND ND
ML 28 9.1 NC NC ND 132.5 ND ND
ML 28 10.7 NC NC ND 2380.8 ND ND
ML 29 7.6 NC NC ND 2694.8 ND ND
ML 29 8.4 NC NC 85.3 719.5 ND ND
ML 29 9.1 NC NC ND 31.6 ND ND
ML 29 10.7 NC NC ND ND ND ND
ML 30 7.6 NC NC 36.2 1359.2 ND ND
ML 30 8.4 NC NC 156.2 585.5 ND ND
ML 30 10.7 NC NC ND ND ND ND
Notes:
m bgs- meter below ground surface
DUP  field duplicate samples
ML- multi-level monitoring wells
MWUW- conventional monitoring wells
NC- not completed at the time of sampling
ND- not detected = < method detection limit (MDL)
ppb- parts per billion
nC- carbon number
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Groundwater Analytical Results Pre- and Post- Injection Activities (Cont.)
F2 (ppb) F3  (ppb) F2 (ppb) F3  (ppb) F2 (ppb) F3  (ppb)
nC10-nC16 nC16-nC34 nC10-nC16 nC16-nC34 nC10-nC16 nC16-nC34
Well ID Depth (m bgs)
Pre-Injection ~4 months Post Injection 1 ~8 months Post Injection 2
ML 31 7.6 NC NC 148.4 4636.1 26.3 2550.8
ML 31 8.4 NC NC ND 743.5 ND ND
ML 31 9.1 NC NC ND 65.2 ND ND
ML 31 10.7 NC NC ND ND ND ND
ML 32 7.6 NC NC ND 1022.6 ND 1319.4
ML 32 8.4 NC NC 52.6 592.1 ND ND
ML 32 9.1 NC NC ND 68.0 ND 5726.8
ML 32 10.7 NC NC ND ND ND ND
ML 33 7.6 NC NC 657.3 2036.0 447.1 2752.0
ML 33-DUP 7.6 NC NC - - - -
ML 33 8.4 NC NC ND 350.6 ND ND
ML 33-DUP 8.4 NC NC 49.7 340.3 - -
ML 33 9.1 NC NC ND 40.4 ND ND
ML 33-DUP 9.1 NC NC ND 30.1 - -
ML 33 10.7 NC NC ND 42.3 ND ND
ML 34 7.6 NC NC 860.5 2879.5 1167.3 3695.0
ML 34 8.4 NC NC 85.6 450.6 ND ND
ML 34 9.1 NC NC ND 18.2 ND ND
ML 34 10.7 NC NC ND ND 397.6 1940.3
MWUW01 10.7 - - ND 73.8 - -
MWUW02 10.7 - - 44.8 144.5 - -
MWUW03 10.7 - - 31.8 99.2 - -
Notes:
m bgs- meter below ground surface
DUP  field duplicate samples
ML- multi-level monitoring wells
MWUW- conventional monitoring wells
NC- not completed at the time of sampling
ND- not detected = < method detection limit (MDL)
ppb- parts per billion
nC- carbon number
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